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GEOLOGY AND WATER RESOURCES OF 
FALALOP ISLAND, ULITHI ATOLL, 
WESTERN CAROLINE ISLANDS* 


S. O. SCHLANGER and J. W. BROOKHART 


ABSTRACT. Falalop Island, triangular in plan and saucer-shaped in cross-section, is 
made up of calcareous reef detritus. Six lithologic units of the detritus were mapped, as 
follows: reef conglomerate; beach conglomerate; bedded sand, gravel, and boulders; 
boulder ramparts; beach sand; and mixed beach sand, gravel, and boulders. Foraminiferal 
assemblages from the bedded sand, gravel and boulders indicate that a shallow to inter- 
tidal reef existed in the near vicinity of Falalop subsequent to the thermal maximum but 
prior to the 6-foot stand of the sea. Asor Island on Ulithi Atoll displays conglomerate 
cliffs as much as 23 feet above sea level into which a bench 6 to 7 feet above sea level 
has been cut. This bench is taken as evidence that present-day Asor Island is a remnant 
of a larger island that predated the 6-foot stand of the sea. On both Falalop and Asor, 
benches and emerged beach rock indicate that a 2- to 3-foot stillstand occurred between 
the 6-foot stand and present sea level, The seaward reef fronts of Ulithi Atoll have been 
classified on a morphological basis into two types that show a definite distribution pattern 
on the atoll. Water having a chloride content of 48 to 1240 parts per million can be ob- 
tained in limited quantities from wells on Falalop. 


REGIONAL SETTING 


Ulithi Atoll is located at latitude 10° N, and longitude 139° E., approxi- 
mately 300 miles southwest of Guam and 500 miles northeast of the Palau 
Islands (fig. 3). 

The atoll is 16 miles long in a northerly direction, 12 miles broad in an 
easterly direction at its northern end, and 4 miles broad at its southern end 
(fig. 4). 

The regional bathymetry is complex. The 2000-fathom line in the vicinity 
of Ulithi encloses most of the Eastern Caroline Islands, However, the 1000- 
fathom line closes completely around Ulithi Atoll and the adjacent islands 
of Gielap and Losiep. The 500-fathom line closes around Ulithi Atoll proper. 
Thus it is seen that Ulithi Atoll rises sharply from the northwest bank of the 
Caroline Swell and Basin province (fig. 3). 

Hess (1948) placed the Caroline Swell and Basin province in the Pacific 
Basin proper and interpreted the major physiographic features of the Pacific 
Basin as structural features. The Pacific Basin province is bounded in the 
Ulithi region by the andesite line on the north, west, and south (fig. 3). 

Ulithi Atoll lies near the boundary between the North Equatorial Current 
and the Equatorial Counter Current. Thus the Atoll receives currents from the 
northeast as well as from the west and southwest. The surface temperature 
of the waters around Ulithi ranges from 27° to 28° C., and the surface salinity 


* Publication authorized by the Director, U. S, Geological Survey. Based on field work 
done by personnel of the U. S. Geological Survey while on temporary duty to the Office 
of the Engineer, Headquarters, U. S. Army Forces, Far East. 
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remains fairly constant at 34.5 parts per thousand (Sverdrup et al., 1942). 
During winter and spring the northern trade winds blow over the atoll from 
the northeast. Through the summer and fall, winds from the south and west 
predominate. Six of the ten typhoons that passed between Guam and the 
Palau Islands in 1951 and 1952 passed to the north of Ulithi. Two of these 
ten passed directly over the atoll and the remaining two passed to the south 
of Ulithi (Dinger and Fisher, 1953). 


FIELD WORK AND ACKNOWLEDGMENTS 


Field studies were conducted from November 23 to December 1, 1952. 
A continuous water-level recorder was installed in a sunken LCM on the 
western side of Falalop in order to obtain a tidal record, As shown on figure 
1 the tidal range at Falalop from 7 A.M. to 2 p.m. November 25, 1952, was 2.8 
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Fig. 1. Graph of tide level in the ocean and water level in well no. 1 from 4 P.M., 
Nov. 24 to 6 p.m., Nov. 25, 1952. 


feet. The U. S. Coast and Geodetic tide tables for 1952 give 2.6 feet as the 
mean range and 3.4 feet as the spring range for Ulithi, On the basis of the 
tidal record from November 24 to 29, a sea-level datum was established and 
used for determining well elevations and in topographic mapping. This datum, 
referred to as sea level in this paper, is an average of the midheights of each 
daily cycle recorded. A second water-level recorder was set up on well no. 1 
(fig. 2) and maintained until February 1953 by the U. S, Coast Guard 
detachment. 

Ten wells, ranging in depth from 4.3 to 10.4 feet, were dug to procure 
water and lithologic samples, to observe tidally induced water-level fluctua- 
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tions, and to study the geologic section. All wells were measured for depth 
to water level and were sampled, at the same time, at high and again at low 
tide. All samples were analyzed for chloride, which ranged from 48 to 1240 
parts per million. 

Falalop Island was mapped geologically and topographically, and all 
wells were leveled in and located by a plane-table traverse. The vertical closure 
of this traverse was such that the elevations of the wells as given in this paper 
may be in error by as much as 0.5 foot in reference to the datum established. 

Beach and rampart profiles were measured on Falalop, Asor, Fassarai, 
and Mogmog islands. 

The writers wish to thank Brig. Gen. R. W. C. Wimsatt of the U. S. Air 
Force, and Captain W. I. Swanston and Lieutenant F. Hermes, of the U, S. 
Coast Guard, for their aid in transporting and maintaining the field party 
throughout the study. Joshua I. Tracey, Jr., of the U. S. Geological Survey, 
checked some of the original observations in the field. 


GEOLOGY OF FALALOP ISLAND 

Falalop Island, situated on the submarine promontory off the northeast 
corner of Ulithi Atoll, is roughly an isosocles triangle in plan (fig. 2). 
The base, or southwest side, is approximately 4000 feet long, and the north 
and east sides are approximately 3000 feet long. 

The highest elevation on the island, 23 feet above the sea-level datum, is 
on a slightly flattened sand ridge that trends parallel to and approximately 
200 feet inland of the southwest side of the island. The north and east coasts 
are bordered by boulder ramparts, which range in height from 3 to 16 feet 
above sea level. The southwest side of the island is bordered by a sand beach 
which is a continuation of the sand ridge, The interior of the island is saucer- 
shaped, sloping downward from the boulder ramparts and the sand ridge. 
Earth-moving operations performed during World War II obscure some of 
the geology of the island. The geologic map of Falalop (fig. 2) is, there- 
fore, partly reconstructed from photographs, Six geologic units were mapped 
on Falalop as follows: reef conglomerate (rc), beach conglomerate (bc), 
bedded sand, gravel, and boulders (bsgb), boulder ramparts (br), beach 
sand (bs), and mixed beach sand, gravel, and boulders (mbsgb). 


UNIT DESCRIPTIONS 

Reej{ conglomerate (rc).—Reef conglomerate is made up of an unstrati- 
fied, well-lithified, coral-boulder conglomerate in a matrix of medium- to 
coarse-grained algal, foraminiferal, and coral sand. This unit forms most of 
the shoreline around the eastern and northern coasts of the island, At present 
the surface of this unit is littered with loose coral boulders. That part of the 
unit above high-tide level is undergoing solution as evidenced by the pitted 
surface developed on it (pl. 1). The flatness of the surface defined by accord- 
ant pinnacle levels, coupled with the truncation of the boulders imbedded in 
it, indicate that this unit was planed after it was lithified. 

Beach conglomerate (bc).—Made up of a well- to poorly stratified, coral- 
boulder conglomerate in a matrix of medium- to coarse-grained, foraminiferal, 
algal, and coral sand and gravel, this unit is found in patches overlying the 
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Fig. 3. Bathymetric chart of the Ulithi Atoll region. Contour interval 1000 fathoms 
(from H, O. Chart 5485). 


reef conglomerate along the northern coast of Falalop at elevations of 2 to 
3 feet above sea level. This unit probably represents a former beach deposit. 

Bedded sand, gravel, and boulders (bsgb) —This unit forms volumetric- 
ally the greater part of Falalop. It is made up of interstratified and lensing 
beds of foraminiferal and algal sand, coarse-grained algal sand and gravel, 
and coral gravel and boulders. The following stratigraphic sections are 
described from wells (see figure 2 for the well locations) . 


Well no. 9 
Elevation—10 feet above sea-level datum 


Depth in feet Lithology (see pl. 2-A) 


0-1 Possibly fill. Well-rounded coral cobbles and gravel, average size 1-2 
inches, some as large as 6-8 inches in diameter, in a matrix of foram- 
iniferal sand and algal fragments. 


Unbedded algal-foraminiferal grit and coarse sand containing cobbles 
of rounded coral, Approximately 20 percent algae, 20 percent Foram- 
inifera, and 60 percent coral cobbles. 


Alternating beds, 3-5 inches thick, of algal detritus and foraminiferal 
sand, striking N, 70° E., dipping 6° SE, These beds contain a few 
rounded cobble-size fragments of coral. 


Alternating bands of algal detritus and coral cobbles, Irregular scattered 
lenses of foraminiferal sand. Algal beds strike S. 35° E., dip 25° SW. 


Foraminiferal sand and rounded, polished algal detritus. Algal fragments 
average 4 to % inch in length. Bright red Tubipora fragments are 
present. 
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Well no. 8 


Elevation—7.5 feet above sea-level datum 


Blackened, unbedded algal grit and foraminiferal sand containing a 
few angular, gravel-size fragments of coral. Possible black humus layer 
at 4 feet. 0.0-to 4-foot depth in this well may be fill. 


Cora! gravel in a matrix of algal-foraminiferal grit and sand. 


Alternating beds of algal grit and foraminiferal sand. Individual beds are 
approximately 1-3 inches thick. Several of these beds are 100 percent 
algal detritus, These strike S. 30° E., and dip 10° NE. 


Well no. 5 
Elevation—5.8 feet above sea-level datum 


Poorly bedded algal-foraminiferal grit and sand containing scattered, 
rounded fragments of coralline detritus. 


Bed of coarse-grained algal detritus, Fragments range from % to % 
inch in length. 


Well-rounded coral boulders and cobbles in foraminiferal sand matrix. 
Few scattered red Tubipora fragments. 


Well no. 2 
Elevation—8.3 feet above sea-level datum 
0.0-0.5 Blackened fill. 


0.5-2 Coarse-grained, angular, algal detritus containing a few cobbles of 
rounded coral fragments. 


Ledge of well-rounded coral cobbles. 
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Layer of foraminiferal sand containing a few algal fragments. 
Alternating layers of algal detritus and well-rounded coral cobbles. 
Foraminiferal sands containing fine algal detritus. 

Well-rounded coral boulders in a matrix of algal-foraminiferal sand. 
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Well no. 10 
Elevation—6.2 feet above sea-level datum 
Algal-foraminiferal sand containing rounded cobbles of coral. 
Well-rounded coral boulders up to 18 inches in diameter in matrix of 
algal-foraminiferal sand. 
Well no, 7 
Elevation—10.0 feet above sea-level datum 
Poorly bedded algal grit and foraminiferal sand. 
Bed of well-rounded coral pebbles. 


Bed of foraminiferal sand containing algal detritus. Bed strikes N. 40° 
E., dips 12° SE. 


Bed of coarse-grained algal detritus. 
Well-rounded coral cobbles in a matrix of foraminiferal-algal sand. 


Boulder Rampart (br).—Loosely piled, well-rounded coral boulders and 
cobbles make up this unit which forms a rim around the northern and east- 
ern coasts of Falalop (pl. 3). The maximum natural height of this rampart 
has been obscured by earth-moving operations, At present, however, these 
ramparts range in height from 16 feet at their highest point on the northern 
coast of the island to 3 feet on the eastern coast. The rampart at the north- 
east corner of the island, as shown on the map, is an interpretation based on 
the assumed position of the structure prior to earth-moving operations. 

Beach sand (bs).—This unit covers the southwest coast of Falalop and 
forms a topographic high that parallels the coast, It is an unlithified, un- 
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Solution effects on the reef conglomerate 


A. Channels in the intertidal zone (dark area in right foreground) below the 
castellated surface of the rock above the high tide level. 


B. View of the subparallel grooves developed in the intertidal zone. The grooves in 


the rock above high tide level are being destroyed by the development of a karrenfeld 
surface. 
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stratified, medium-grained sand composed of foraminiferal tests, subrounded 
fragments of branching, calcareous algae, and other angular to rounded 
calcareous clastic material. 

The map delineation of this unit has been interpreted in the area of 
well no. 9 on the basis of talks with the natives of Falalop and on an extension 
of the topographic high along the southeast half of the southwest coast. 

Mixed beach sand, gravel, and boulders (mbsgb).—This deposit is un- 
lithified and unstratified and consists of well-rounded coral boulders in a 
matrix of foraminiferal and algal sands (see pl. 3-A). The unit forms a veneer 


. >Reef front, type A 
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Fig. 4. Index map of Ulithi Atoll and adjacent islands showing known distribution 
of seaward reef types (from H. O. Chart 6055). 
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on the reef conglomerate at the foot of the boulder rampart. It is probably 
a deposit formed by storm waves that piled loose detritus on the shore. 


FORAMINIFERAL ASSEMBLAGES FROM FALALOP ISLAND 


Sample preparation and identification —Foraminifera from 11 samples 
were identified in order to make comparisons between present-day beach 
assemblages and assemblages from various levels in the dug wells. Samples 
9, 11, and 13 are from the beach sand (bs) and samples 1, 2, 4, 5, 6, 7, 3, 
and 14 are from the wells. All the samples were washed on a fine silk screen 
and studied under a binocular microscope. 

Ruth Todd of the U. S. Geological Survey aided the writers in the identi- 
fications. Table 1 lists the Foraminifera identified and their occurrences in 
the samples studied. 

Comparison and significance of the foraminiferal assemblages—A com- 
parison between the foraminiferal assemblages and the sediments associated 
with them yields data that are useful in interpreting the paleoecology of the 
deposits. The beach sand assemblages, samples 9, 11, and 13, are dominated 
by tests of Calcarina spengleri, Baculogypsina sphaerulata, and Marginopora 
vertebralis, all of which are characteristic of shallow water and intertidal reefs. 
Sample 1 from the upper part of well no. 9, and samples 6 and 7 from well 
no. 2 contain only these three genera, The Foraminifera from these three 
samples were, for the most part, well worn and polished. 

Samples 5, 8, and 14 contain genera characteristic of a shallow-reef en- 
vironment plus other genera which are representative of deeper water, off-reef 
deposits. The Foraminifera from these samples were, in general, well preserved 
and have retained such features as delicate spines. The sediments associated 
with samples 5, 8, and 14 are well worn, rounded, bedded sand, gravel, and 
boulders composed of reef detrivus. It is thought by the writers that these 
sediments accumulated in an off-reef environment that received detritus from 
a nearby reef. The present elevation of sample site 8, which is 5.5 to 7 feet 
above sea level, indicates the possibility that this reef existed in the vicinity 
of Falalop prior to the 6-foot stand of the sea. 

An alternate explanation of the elevation of sample site 8 is that the 
sediments represented by this sample are storm-tossed deposits laid down 
subsequent to the 6-foot stand. The degree of bedding and sorting displayed 
by the beds in well no. 7 tend, however, to belie a storm-wave origin for these 
sediments. 


GEOMORPHOLOGY OF FALALOP 


The shape of Falalop is a reflection of the oceanographic and meteoro- 
logical forces acting upon it, Storm winds and waves from the north and north- 
east have formed the boulder rampart which extends around the windward 
two-thirds of the island, The sand ridge which occupies the southwestern 
part of the island was probably a product of the prevailing winds and waves 
of past geologic time as well as present-day forces. The windward reef on 
Falalop is a wide expanse of reef conglomerate (pl. 4-A). Wind and waves 
pile boulders on the windward reef thus preventing vigorous coral growth 
on the reef flat. The constantly submerged leeward reef supports a luxurious 
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ina vivipara 
Spiroloculina faeolata 


© Spiroloculina sp. 
Triloculina terquemiana 


Trilocul 
Quinqueloculina sulcata 


Amphistegina sp. (bulbous form) 


Amphistegina madagascarensis 
Elphidium sp. 


Cymbaloporetta bradyi 
Triloculina bicarenata 
Anomalinella rostrata 


2 Cymbaloporetta squamosa 
Valvulina davidiana 


Calcarina spengleri 
Marginopora vertebralis 


Gypsina globulus 


Heterostigina sp. 
Peneroplis proteus 


Pyrgo sp. 


Carpentaria sp. 
Spirill 


Cibicides sp. 
Discorbis sp. 
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PLATE 2 


Well. No 9 


A. One wall of well no. 9 on Falalop showing the bedding and texture typical of 
the bedded sand, gravel, and boulders (bsgb). 


B. Aerial view of Bulubul Island, on the Pau-Losiep reef, showing reef type A to 
the northeast, and reef type B to the southwest of the island. 
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growth of coral, The distribution of these two reef types around Falalop is 
shown on figure 6. This leeward reef extends 50 to 60 yards out from the 
beach at a depth of 3 to 4 feet. The reef platform then terminates in a sub- 
marine cliff which drops vertically to a depth of 90 to 100 feet and then 
slopes sharply downward at an angle of approximately 60° to depths of more 
than 650 feet. At approximately 25 feet below sea level on this cliff face, 
corals diminish greatly in abundance and appear to be almost completely ab- 
sent at approximately 75 to 80 feet below sea level. 

In contrast to this leeward cliff, the windward reef on Falalop displays 
gentle seaward slopes, the 100-fathom contour being approximately 10 times 
as far from the northeast coast as it is from the southwest coast (fig. 4). 


GEOLOGY OF ASOR, FASSARAI, AND MOGMOG ISLANDS 
Asor Island.—Asor Island, on the northeast side of Ulithi Atoll, is ap- 
proximately 3500 feet long in a northwest direction, 1100 feet wide in a north- 
east direction at its northwest end, and 600 feet wide at its southeast end 
(fig. 4). 
The central and eastern sections of the lagoonal coast of Asor show the 
greatest development of beach conglomerate seen on Ulithi Atoll. This con- 


Beach and Rampart Profiles on Falalop Is. and Asor Is. 


Vertical scale natural 
See figure.2 for profile locations 
of B-B and 


FALALOP ISLAND 


sea level 


bsgb 


Northwest 


ASOR ISLAND 
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Fig. 5. Beach and rampart profiles on Falalop and Asor Islands. 
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glomerate is composed of well-rounded coral boulders and cobbles in a matrix 
of foraminiferal sand and calcareous algal gravels. Red, unbleached Tubipora 
is present in the rock. Approximately a 6-foot stratigraphic thickness of this 
conglomerate is present. In general the beds strike N, 70° W., parallel to the 
beach, dip 5° to 8° SW., and are jointed in directions both parallel and per- 
pendicular to the strike of the beds. The northwest end of Asor displays well- 
developed foraminiferal sand beaches which slope gently upward inland to 
heights of approximately 12 feet, 

The southeast end of Asor is characterized by slightly lithified coral con- 
glomerate cliffs, which reach heights of 16 feet on the lagoonal side and 23 
feet on the seaward side of the island (fig. 5, section D-D’), Section D-D’ was 
measured by hand level perpendicular to the northeast coast of Asor, ap- 
proximately 600 feet northwest of the southeast end of the island. The central 
plateau on Asor is several feet lower than the crest of the lagoonal rampart. 
As shown on section D-D’, a bench of reef conglomerate at an elevation of 
2 to 3 feet above high-tide level extends inland to the base of the high con- 
glomerate cliff. A pitted karrenfeld surface has developed on this bench, The 
seaward edge of the bench slopes sharply down to sea level. The present reef 
to the seaward is planed coral conglomerate similar to the northern and 
eastern reefs on Falalop Island. 

The high conglomerate cliff shown on seciion D-D’ is made up of coral 
boulders that are held together by a matrix of slightly lithified sand and 
gravel. A bench has been cut into this cliff at an elevation of approximately 
6 to 7 feet above high-tide level. The south coast of Asor also displays a set 
of benches similar to those shown in section D-D’, Unlike the massive present- 
day boulder ramparts, which line the coasts of Falalop Island, the face of 
this cliff shows crude stratification, Thus the cliff face shows evidence of 
sorting. This stratification tends to discount a storm origin for the material 
forming the cliffs. The stratification, the height of the cliff, and the 6- to 7- 
foot bench lead the writers to believe that the southeastern end of Asor is 
probably a remnant of an island that existed before the 6-foot stand of the 
sea. 

Mogmog Island.—Mogmog Island, which is approximately 2000 feet long 
in an easterly direction and 1000 feet wide in a northerly direction, lies on 
the north side of Ulithi Atoll (fig. 4). The highest points on Mogmog are on 
the boulder ramparts along the north coast of the island. These ramparts 
attain heights of 8 to 10 feet above sea level and are composed of closely 
packed coral cobbles and boulders. The boulder ramparts on the lagoonal 
side of the island are, on the average, 2 to 3 feet lower than the seaward 
ramparts. The center of the island is several feet lower than the lagoonal 
ramparts. 

Beach conglomerate, which strikes east parallel to the beach and dips 5° 
to 10° S., is well developed on the lagoonal side of the island. This rock is 
a bedded, coral boulder conglomerate in a matrix of foraminiferal and algal 
sand and gravel. In some areas the coral boulders are lacking, and the rock 
is made up of lithified algal gravels and foraminiferal sands, Red, unfaded 
Tubipora fragments are common in the rock, The beach conglomerates on 
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PLATE 3 
Shoreline deposits of Falalop Island 


\. View of the east coast of Falalop showing the veneering deposit of mixed beach 
sand, gravel, and boulders (mbsgc) that overlies the reef conglomerate. 


B. View of the low boulder rampart, right center, at the southeast corner of Falalop. 


alll 
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the lagoonal side of the island are jointed in two directions, one set of joints 
parallel to the strike of the beds, the second set perpendicular to the strike. 
There is only one small exposure of beach conglomerate on the northern side 
of the island. Foraminiferal beach sand fringes the southern coast and forms 
cusps on the eastern and western ends of the island. 

The reef on the northern side of Mogmog is similar to the northern and 
eastern reefs on Falalop Island in that it is made up of reef conglomerate 
littered with loose coral boulders, This reef is several hundreds of feet wide 
on Mogmog. 

Fassarai Island.—Fassarai Island is approximately 5000 feet long in a 
northerly direction and 300 feet wide in an easterly direction. It lies on the 
east side of Ulithi Atoll (fig. 4). 

The only rock seen on Fassarai was a small patch of beach rock on the 
lagoonal side of the island. This rock strikes roughly north and dips a few 
degrees to the west. The beach rock on Fassarai does not contain any boulders 
but is made up entirely of foraminiferal sand and calcareous algal gravel. The 
seaward and lagoonal beaches are made up of foraminiferal sand covered 
with disconnected patches and veneers of coral and calcareous algal gravel. 

The highest elevations on Fassarai lie on the seaward sand ridge, which 
rises to a height of approximately 15 feet above sea level. The lagoonal sand 
ridges are approximately 10 feet high. The land slopes downward inland 
from each ridge, these slopes meeting approximately 100 feet from the 
lagoonal ridge. Thus in profile the island is asymmetrical, sloping gently 
lagoonward. 


GEOLOGIC HISTORIES OF FALALOP AND ASOR ISLANDS 


The late geologic histories of Falalop and Asor islands are intimately 
connected with sea-level changes that took place subsequent to the “climatic 
optimum.” Trowbridge (1954) estimated that at the end of the thermal maxi- 
mum (“climatic optimum”), which he dated at approximately 4000 years 
ago, the sea stood roughly 30 feet above the present sea level. After this 30- 
foot stand, sea level fell to slightly below the present sea level and is now 
rising slightly. 

Hough (1953), in an interpretation of core samples from the south- 
eastern Pacific, postulated that a warm period, which he correlated with the 
“climatic optimum,” took place from about 5000 to 7000 years ago. Between 
this warm period and the present, Hough also postulated two brief cold periods 
which took place 3200 and 2800 years ago and two brief warm periods which 
took place 1900 and 1100 years ago. Hough believes that the overall trend in 
the last 6000 years has been from warm to cooler conditions. 

On both Falalop and Asor islands distinct topographic levels are present 
(fig. 5). One of these is represented by the bench cut into the conglomerate 
cliff on Asor at an elevation of 6 to 7 feet above high-tide level. A second 
level is the upper surface of the reef conglomerate (rc) which is present along 
the northern coasts of both Asor and Falalop at an elevation of 2 to 3 feet 
above high-tide level. The lowest level is the surface of the reef conglomerate 
that forms the seaward, intertidal reef flats on the windward coasts of Falalop, 
Asor, and Mogmog islands, 
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PLATE 4 
Coastal flats of Falalop Island 


A. View of the northeast coast of Falalop at low tide. The litter of coral boulders 
covers the reef conglomerate (rc). At high tide this area, up to the white area at the 
right, is submerged. 


| 


B. View of the reef conglomerate along the north coast of Falalop Island. 
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In this paper the 6-foot stand is considered to be a stillstand between 
the high level of the “climatic optimum” and present sea level. As shown on 
section D-D’ of figure 5, Asor Island displays benches cut into a mass of 
slightly lithified, poorly stratified, coral conglomerate. The writers believe 
that this mass represents the remnant of an island that existed prior to the 
6-foot stand of the sea and that the 6- to 7-foot bench on Asor is the result 
of a partial planation of this island mass during the 6-foot stand. This 6. to 
7-foot bench is well developed around southeastern and northeastern Asor. 

As discussed previously, the foraminiferal assemblages from wells 5, 8, 
and 14 indicate that a reef was present in the vicinity of present-day Falalop 
prior to the 6-foot stand. However, high cliffs of conglomerate such as those 
on Asor have no counterparts oft Falalop. The writers are at a loss to explain, 
considering the closeness of the two islands and their similar positions in 
respect to wind and wave effects, this dissimilarity between Asor and Falalop. 
Thus, there is no evidence that Falalop existed as an island, as did Asor, prior 
to the 6-foot stand. Subsequent to the 6-foot stand the histories of Falalop and 
Asor are parallel, 

Between the 6-foot stand and present-day sea level there was a stillstand 
at approximately 3 feet above present sea level. The bench around Asor and 
parts of Falalop, at an elevation of 2 to 3 feet above sea level, was cut during 
this stillstand. This bench, cut into lithified coral conglomerate, is at present 
undergoing solution as evidenced by the deeply pitted karrenfeld surface which 
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Fig. 6. Reef distribution around Falalop Island. 
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it now displays. Beach conglomerate (bc) on Falalop now at elevations of 2 to 
3 feet above sea level may be ascribed to this stillstand. 

The writers believe that the possibility of the 6-foot and the 2- to 3-foot 
stands of the sea correlating with the two post-“climatic optimum” warm 
periods postulated by Hough (1953) should be considered. If this correlation 
is assumed then the 6-foot stand and the 2- to 3-foot stand took place ap- 
proximately 1900 and 1100 years ago respectively. 

A final planation, at a level close to the present sea level, produced the 
wide expanse of reef conglomerate (rc) present around much of Falalop and 
Asor as well as the north coast of Mogmog. It is probable that previous to 
the planations mentioned above these islands extended further seaward than 
they do at present. 


SEAWARD REEF FRONT TYPES OF ULITHI ATOLL AND ADJACENT ISLANDS 

On the basis of field work on Ulithi Atoll and studies of aerial photo- 
graphs of the atoll and the islands adjacent to it, the writers have classified 
the seaward reefs of the atoll and the islands into two types, designated by the 
letters A and B (fig. 4). These closely parallel the two main reef types set 
forth by Tracey, Ladd, and Hoffmeister (1948) in their classification of the 
reefs of Bikini Atoll. 

Reef front type A is characterized by fairly regularly spaced, subparallel 
grooves which cut the reef front and are, in general, nearly perpendicular to 
it. These grooves vary widely in size but are generally 5 to 10 feet wide, as 
deep as 30 feet, and cut the seaward slopes of the reef for distances as great 
as 1000 feet. The grooves are sinuous to almost straight in plan and display 
both landward and seaward forks. Intersection of these grooves at low angles 
is also common (pl. 2-B). 

The seaward slopes on which type A have developed are gentler than 
those on which type B have developed, as shown by the position of the 100- 
fathom contour on figure 4. 

Reef front type B is characterized by coral-algal buttresses, which are 
lobate in plan and in which grooves are poorly developed. Irregular re-entrants 
are common, Type B is associated with steep seaward slopes (pl. 2-B). 

Distribution of reef front types—The above-described reef front types 
occupy well-defined positions on the reefs around Ulithi Atoll and the ad- 
jacent islands (fig. 4). 

Type A is present around the northern edge of the Iar Island reef. The 
Pau Island-Losiep Island reef displays well-developed type A front all along 
its northeastern face. Around Ulithi Atoll proper type A is developed on the 
eastern, northeastern, and northern reefs. The western extremity of the reef 
all along the southern coast of Asor also falls in the type A category. 

Type B reef fronts occupy the northwestern face of the Iar Island reef, 
the southwestern half of the Pau Island-Losiep Island reef, the southwesterly 
facing re-entrant on the west side of Ulithi Atoll at Pogel Island, and the 
southwesterly facing reefs on Falalop Island. 

This distribution is similar to the reef front type distribution found at 
Bikini Atoll by Tracey, Ladd, and Hoffmeister (1948). However, at Bikini 
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much evidence was found of storm damage to the seaward facing reefs on 
the southern and southwestern sides of the Atoll. This storm damage took the 
form of rectangular re-entrants, the longer dimensions of which were parallel 
to the reef front, and the bottoms of which were littered with collapse blocks 
from the pre-existing continuous reef front. 

Aerial photographs of Ulithi Atoll and the adjacent islands show only 
one such re-entrant. This is on the reef front along the southwest coast of 
Falalop Island. Therefore, it seems probable that the storm damage to the 
lee reefs on Ulithi Atoll, which receives most of its storm waves from the 
northern quadrants, is less than that on Bikini, which bears the brunt of ty- 
phoon efiects from the southern quadrants. 


WATER RESOURCES OF FALALOP ISLAND 

Pre-investigation water supply—Prior to the present investigation the 
native population of Falalop depended during the rainy season entirely on 
rain water for washing, bathing, cooking, and drinking. During the dry sea- 
son the liquid of the coconut was used for drinking and cooking; the natives 
washed and bathed in the sea. After the natives discovered the existence of 
fresh water in the wells dug during the investigation, they dug two wells near 
their village to augment the water supply. Inasmuch as these two wells were 
dug after the writers left the island they are not shown on figure 2, 

At the Coast Guard station wells 1 and 2 and two distillation units are 
used to augment the supply obtained by rain catchment. During most of the 
year the station has adequate water for all requirements, but during dry 
seasons well water is used for washing and bathing, and the rain water is 
conserved for cooking and drinking. 


TABLe 2 
Rainfall Data in Inches for Falalop Island and Yap Islands 
Falalop Island, Ulithi Atoll* ___ Yap Island** _ 


November 
December 10.01 


January 4.49 January 
February 9.46 February 

1.89 March 

9.46 

6.307 

13.76 

8.98 
August 12.85 August 
September 8.94 September 
October 10.74 October 
November 17.66 November 
December : December 


Record obtained from rain gauge maintained by the U. S. Coast Guard detachment. 

** Average monthly rainfall based on a 27-year record, dates unspecified, compiled by 
Japanese observers. 

+ Rain gauge blown over during the typhoon of May 30, 1953, An estimated 1 inch of 

rain fell while the gauge was overturned. 


1952 
1953 
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Rainfall_—Table 2 shows the rainfall on Falalop from November 1952 
through December 1953 and, for comparison, the average monthly rainfall 
for a 27-year period on the islands of Yap, which are about 90 miles south 
and west of Ulithi Atoll. 

Ground water.—The permeability of the sands, gravels, and conglom- 
erates that make up Falalop is high, and all rain that falls on the island, ex- 
cept that lost through evaporation and transpiration, percolates rapidly down 
to the water table. The fresh rainwater floats on top of the denser sea water 
and forms a lens according to the Ghyben-Herzberg principle (Brown, 1925). 
This principle, which is that of the U-tube, is that the ratio, in feet, of the 
elevation of the top of the lens above sea level to the depth of the bottom of 
the lens below sea level is equal to the difference in density between the sea 
water and the fresh water. Thus if the density of the rain water equals 1.000 
and the density of the sea water equals 1.025, the ratio would be 1:40; that 
is, if the top of the fresh-water lens were 1 foot above sea level the bottom 
would be 40 feet below. 

On Falalop the fresh-water surface lay measurably above sea level, but 
the lack of good vertical control in the plane-table traverse precluded the 
making of a piezometric map that would have shown the configuration of the 
upper surface. 

Tidally induced water-level fluctuations in the wells—Records obtained 
with a continuous water-level recorder in well no, 1 show that the water level 
in the well fluctuated from 1 to 2 feet with about a 2-hour lag behind the 
ocean tide (fig. 1). The greatest tidal fluctuation in all the wells occurred 
during spring tides and the smallest during neap tides. In the 10 other wells 
on the island changes in water levels, which were periodically measured with 
a tape, followed the pattern in well no. 1. 

The large amount of tidally induced fluctuation in all the wells confirms 
the impression that the water-bearing materials are highly permeable. 

Quality of ground water.—Water samples were taken from all wells at 
both high and low tide on November 30, 1952, December 1, 1952, and March 
7, 1953. Table 3 shows the chloride content of the water, in parts per million, 
from the wells. 

According to the Ghyben-Herzberg principle the contact between the 
lower surface of the fresh-water lens and the underlying sea water takes the 
form of a zone of mixing. This zone follows the upward-curving lower surface 
of the lens and intersects the upper surface of the lens around the margin of 
the island. Therefore, the chloride content of the water in the lens should, 
theoretically, increase outward from the center of the island. On Falalop the 
lateral variation in chloride content is erratic and does not follow the theoret- 
ical pattern. This wide lateral variation in chloride content may be due to 
minor local differences in permeability in the aquifer. There is also the possi- 
bility that channeled indurated rock below the depth reached by the wells 
permits the local flow of sea water, which upsets the lens. 

The high chloride content of the water from the March 7, 1953 sampling 
of well no. 11 was probably caused by natives taking water from the well to 
water a nearby sweet potato patch. The high chloride content resulting from 
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TABLE 3 
Chloride Content in Parts per Million of Water in Wells on Falalop Island 
Well November 30, 1952 December 1, 1952 March 7, 1953 

352 333 

76 76 

48 

528 


10 220 
ll 108 


* Sample bottle broken. 
** Well caved in before March 7 sampling. 


this removal is indicative of how easily the lens can be contaminated by 
salt water. 

Conclusions on ground water.—A small supply of potable water can be 
obtained from wells on Falalop. However, pumping from each well should 
be at a low rate and frequent chloride determinations should be made to 
detect contamination. 


REFERENCES 


Brown, J. S., 1925, A study of coastal ground water with special reference to Connecticut: 
U. S. Geol. Survey Water-Supply Paper 537. 


Dinger, J. E., and Fisher, G. H., 1953, Microseisms and ocean wave studies on Guam: 
Naval Res. Lab. Rept. 205. 


Hess, H. H., 1948, Major structural features of the western north Pacific; an interpreta- 
tion of H. O. Chart no. 5485, Korea to New Guinea: Geol. Soc. America Bull., v. 59, 
p. 417-446. 

Hough, J. L., 1953, Pleistocene climatic record in a Pacific Ocean core sample: Jour. 
Geology, v. 61, p. 252-262. 

Sverdrup, H. U., Johnson, M. W., and Fleming, R. H., 1942, The oceans: New York, 
Prentice-Hall, Inc. 

Tracey, J. L., Ladd, H. S., and Hoffmeister, J. E., 1948, Reefs of Bikini, Marshall Islands: 
Geol. Soc. America Bull., v. 59, p. 861-878. 


Trowbridge, A. C., 1954, Mississippi River and Gulf Coast terraces and sediments as 
related to Pleistocene history—a problem: Geol. Soc. America Bull., v. 65, p. 793-812. 


U. S. GeoLocicaL Survey 
WasuincrTon, D. C. 


5 84 88 94 
6 356 368 540 
7 460 438 776 
8 652 668 842 

9 340 348 — ** 
138 240 
138 1240 


[AMERICAN JOURNAL OF SCIENCE, VOL, 253, OctoBer 1955, Pp. 574-579] 


INTERFACIAL TENSIONS AND THE MEASUREMENT OF 
STRESS DIFFERENCES IN METAMORPHIC ROCKS* 


JOHN LANG ROSENFELD 


ABSTRACT. Consideration of the thermodynamics of surfaces shows that, under con- 
ditions of chemical equilibrium, the interfacia] tensions between minerals in metamorphic 
rocks can be used to measure the differences between the principal compressions. 

From measurements on oriented pyrite euhedra in metamorphic rocks of the Chester 
Dome, Vermont, it appears that the difference between the maximum and minimum 
compressions could hardly have exceeded 1000 baryes (1 millibar) during the final stages 
of the main metamorphic crystallization. Kyanite, a so-called “stress” mineral, is ap- 
parently capable of survival under such almost hydrostatic conditions, The measurements 
also suggest that the average interfacial tension between pyrite and the observed ad- 
jacent minerals within the plane of schistosity is from 14 to 4% that between pyrite and 
adjacent minerals perpendicular to the schistosity. 


“Familiarity is the opiate of the imagination.”—Toynbee 


INTRODUCTION 

In many areas of regionally metamorphosed rocks there is considerable 
evidence that chemical equilibrium was closely approached under the condi- 
tions of metamorphism. This equilibrium can in general be assumed to have 
applied to systems whose volumes are well represented by the areas of thin 
sections, although, in some cases, it is evident that the condition of approxi- 
mate equilibrium probably applies to considerably smaller, less regularly 
shaped volumes. Although interfaces are commonly ignored in considering 
such problems of chemical equilibrium, it is of interest explicitly to include 
them. There is considerable evidence of their importance (Turner and Ver- 
hoogen, 1951, p. 511-513). Further, such phenomena as ellipsoidal pebbles, 
flattened in the plane of bedding schistosity, and boudinage in many areas of 
regionally metamorphosed rocks suggest that, at least for the competent beds, 
approximately irrotational pure shear strain has resulted from symmetrically 
disposed shearing stresses. These shearing stresses can alternatively be con- 
sidered as three principal compressions oriented at right angles to each other 
(Furry, Purcell, and Street, 1952, p. 89). It is the purpose of this paper to 
show that, under the equilibrium assumption, it is possibie to use the inter- 
facial tensions of a crystal with the habit of a rectangular prism to measure the 
differences between the principal compressions in a metamorphic rock, 


NOTATION 

a, b,c linear dimensions of crystal (fig. 1) 

1, 2,3 subscripts denoting surface perpendicular to a, b, and c respectively 
o surface phase indicated by subscript 

P external compression normal to face indicated by subscript 

Y interfacial tension (Helmholtz free energy per unit area) for face 

indicated by subscript’ 

* This paper is derived in large part from a Harvard doctoral dissertation entitled 
“Geology of the southern part of the Chester Dome, Vermont.” It is intended to be the 


first of several papers dealing with interfacial properties and the fabric of metamorphic 
rocks. 

* Actually, as can be seen in plate 1, the interfacial tensions must be somewhat variable 
on the faces, dependent on the nature and relative orientation of both adjacent minerals 
and interfaces. The variations on a particular face cannot have been large because the 
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internal compression normal to face indicated by subscript 

volume 

volume of internal phase 

volume of external phase(s) 

Helmholtz free energy 

volume term of Helmholtz free energy 

surface term of Helmholtz free energy 

Use of the Helmholtz free energy seems most convenient for reactions 

involving surfaces alone because, under the most reasonably assumed geologic 
conditions (constant temperature, volume, and composition), it leads to in- 
teresting conclusions. 


“NINTERNAL PHASE 


a 
EXTERNAL PHASE(S) 


SYSTEM 


Fig. 1. Schematic diagram for treatment of the interrelationship between the inter- 
facial tensions and the principal compressions. 


THEORY 


For constant values of temperature, composition, interfacial tensions, 

and total volume for the system, it follows that 

dFy = —XdV’ — PdV” = —(X-P) dV’ (1) 
inasmuch as the total volume is constant (i.e. dV’ = -dV”). 
Also, 

= X(ydA). (2) 
Hence, 

dF = —(X-P)dV’ + (ydA). (3) 
Since, under equilibrium conditions, the Helmholtz free energy is minimum 
(i.e. dF = 0), it follows that: 

(X-P) dV’ = S(ydA). (4) 
faces are relatively p'ane (see Shuttleworth, 1952, p. 347). It would seem reasonable to 
assume further that the average values for the interfacial tensions of similarly oriented 
faces in a rock of relatively constant mineralogical composition should be approximately 
constant. 
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PLATE 1 


Pyrite crystals showing lattice and dimensional orientation in biotite amphibolite 
from south end of Rattlesnake Mountain in Townshend, Vermont. Magnification = 16X. 


Let us consider the case of o, moving a uniform normal distance da 
while b and c remain constant. Then, 


(X-P) dV’ = (X,-P,) be da 


and 

X(ydA) 2(7 b + ) da. 
Hence, 

(X, P,) beda 2(y b + Y2¢ ida 
or 

2(y;/e + ye (5a) 
Similarly, 

2(ys/e + y: (5b) 
and 

(X,-P;) = 2(y2/b + y:/a). (5c) 
Since an internally stressed solid is not stable (Gibbs, 1906, p. 197), 

X, = X, = Xs. (6) 
Thus: 

(P,—P,) (X,—P.) — (X,-P;) 2(y:/a-y2/b) (7a) 
and 

(P.-P,) = 2(y: (7b) 
and 

(P,-P;) = 2(y:/a y3/c)- (7c)? 
* Equations 7a, b, and ¢ are basically similar in form to Shuttleworth’s equation D.4, 
which he applied to the equilibrium of a thin loaded polycrystalline wire at elevated 
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If (P,-P.) = (P.-P;) = (P,-P;) = 0 (i.e. the pressure is hydrostatic), 
then, 


= y¥2/b or yi/y2 a/b, (8a) 


= y3/c or y2/ys = b/c, (8b) 
and 


y:/a = ys/c or y:/y3 = a/c. (8c) 


Hence, 

= y2/b = ys/e, (9) 
which represents Wulff's law (Seitz, 1940, p. 97) for the case considered. 
Wulff’s law is derived as a special case of a more general law. 

It can be shown by further reasoning that, if the linear dimensions of 
the crystals of a particular mineral stand in constant ratio regardless of the 
values of these linear dimensions, then the differences between the principal 


compressions must have been negligible at the time of crystallization. Thus, 
from (7a), 


P, - 2y:/a —2y2/b 


(P,- P.)a 2y1- 


a/b = 


(10) 


It is evident that, for a/b to remain constant, the variable term, (P,—P2) a, 
must reduce to zero. For different finite values of a, this can occur only when 
(P,—P.) = 0. Under such circumstances, in accord with (8a), the linear 
dimensions of the crystal stand in the ratio predicted by Wulff's law. It is 
likewise clear from equation (7a) that, if P; >P2, the ratio a/b will get smaller 
as the crystals get larger, assuming the interfacial tensions to be constant. 
Thus the larger crystals would tend to show more distortion than the smaller 
crystals if there were differences among the principal compressions, This 
latter effect is somewhat analogous to that in an example familiar to almost 


everyone, that a large drop of quicksilver shows more departure from a 
spherical shape than a small one (Bragg, 1925, p. 93-94). 


oo 


temperatures (Shuttleworth, 1952, p. 346). Thus his equation D.4 is 

mg = 2er [yg- (2r/L) yp], 
where m refers to the suspended mass, g is the gravitational acceleration, r is the radius 
of the crystal, L is the length of the crystal, and the subscripts S and B refer to the 
surfaces and intercrystalline boundaries respectively. If both sides of D.4 are divided by 
the cross-sectional area of the wire, the following expression results: 

mg/rr = Pg-P, = 2(¥g/r-27,/L), 
which is analogous to equations 7a, b, and c in the text above. 


and 
or 
- 


John Lang Rosenfeld—Interjacial Tensions and the 


OBSERVATIONS AND DISCUSSION 


If equation (10) and the assumptions underlying it are correct, then 
the final crystallization in many areas of regionally metamorphosed rocks 
must have occurred under approximately hydrostatic conditions. Table 1 
represents measurements of pyrite crystals having the habits of rectangular 
prisms from quartz-sericite schist of the Savoy formation (Emerson, 1917, 
p. 42) about one mile south-southeast of West Townshend, Vermont. All the 
crystals were flattened in the plane of schistosity, and each had an a axis 
normal to the schistosity. There was no apparent preferred orientation of a 
axes within the schistosity. From table 1 it is apparent that the crystals are 
approximately square in the plane of schistosity. Because of the approximately 
uniaxial symmetry, the ratio a(cb)~'? (i.e. the ratio of the shortest dimension 
to the geometric mean of the two longest dimensions) seems most useful in 
comparing the normal compression to that in the plane of schistosity. In 
table 1 it is apparent that there is no striking relationship between size of 
crystal and the ratio between the linear dimensions, Substitution of maximal 
values for y, and ys (ca. -1000 ergs cm™* and 2000 ergs cm™) in equation 
(10) suggests that variations in the ratios of linear dimensions of pyrite 
crystals of different observed sizes should be easily observable for values of 
(P,-P.) greater than 1000 baryes (one millibar). Equation (10) suggests 
further that the interfacial tension of the face perpendicular to the schistosity 
is approximately twice that of the face within the plane of schistosity in ac- 
cord with Wulff's law. 


TABLE | 


Measurements of Pyrite Crystals in Savoy Formation, Townshend, Vermont 


a b c Volume 
(cm) (cm) (cm) a(cb))"% (em*x 10%) 


0.171 0.348 0.353 485 21.1 
0.164 0.314 0.323 51 16.6 
0.126 0.27 0.286 452 9.8 
0.129 0.223 0.241 h*. 6.9 
0.110 0.208 0.259 47! 5.7 
0.122 0.195 0.211 y 5.0 
0.093 0.175 0.185 . 3.0 
0.079 0.155 0.169 : 2.1 
0.053 0.131 0.178 1.2 
Average 0.492 


Plate 1 shows similarly oriented pyrite crystals in amphibolite from the 
west limb of the Chester dome near the village of Townshend, Vermont, about 
0.2 mile northwest across strike from a locality of conglomeratic gneiss with 
pebbles approximately discoidal in the plane of schistosity (average ratio = 
1.26:1:0.08). Since the ratios between the linear dimensions of the pyrite 
crystals do not appear to show variation with size, the assumption of approxi- 
mately hydrostatic conditions during the final stages of recrystallization is 
apparently valid at this locality also. In this case the ratio between the inter- 
facial tensions was about 1:3 according to equation (10). These pyrite crystals 
are found in an area where rocks of appropriate composition contain kyanite, 
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a so-called “stress mineral.” The kyanite is apparently capable of survival 
under almost hydrostatic conditions, 

It might be asked why an isometric mineral of cubic habit should, under 
conditions of hydrostatic equilibrium, depart from equidimensionality. It does 
so because y varies greatly with orientation of the surface relative to the 
crystallographic axes and “in such a manner as to have a large number of 
sharply defined minima” (Gibbs, 1906, p. 316). Were this not true, crystals 
would not necessarily show faces under equilibrium conditions, because, for 
a crystal of constant volume, d=(yA) must equal zero or the sum, (yA), 
must equal the lowest possible value. Indeed, solution of these equations leads 
to Wulff’s law.* In an isotropic medium, such as liquid (e.g. magma) or gas, 
a crystal of cubic habit should therefore be equidimensional because the 
qualities of all the cube faces would be identical. Such equidimensionality 
might also be expected where a crystal grows in a more finely crystalline 
medium devoid of preferred orientation. When a crystal is growing in a 
medium in which the fabric is oriented, however, (e.g. most metamorphic 
rocks), the qualities of the interface should vary both with the orientation of 
the crystal relative to the orientation of the contacting minerals and the 
orientation of the interface relative to the crystallographic axes. That inter- 
faces of relatively low interfacial tension should commonly be oriented normal 
to the maximum compression will be discussed in a subsequent paper. 
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THE THEORY OF SECULAR MARINE PLANATION 
C. A. COTTON 


ABSTRACT. Douglas Johnson’s theory of very extensive marine planation implies fixity 
of sea level over a vast period. While such stability of the relations of land and sea may 
have prevailed in past geological ages, possibly then leading to the development of wide- 
spread plains of marine denudation that have since been fossilized, it is more usual to 
picture the planation of these as generally accompanying and as facilitated by gradual 
submergence, with progressive burial of the abraded surface under thick sedimentary 
strata. 

In his attempt to apply his theory to geomorphology Johnson had no option but to 
ignore the evidence of changes of ocean level during the long period that must be allowed 
for the attainment of “old age” in the marine cycle on coasts consisting of resistant or 
mixed rocks. 

Neither of the flats or plains with cliffs at rear (in Norway and India) selected by 
Johnson as examples of such old-age development is acceptable as the product of marine 
erosion. More recently the north coast of Spain has been described as geomorphically 
developed during the recession of cliffs through a distance of about six miles over a very 
long period (possibly millions of years) during which, it is claimed, there has been no 
significant change in the relative levels of land and sea. It is doubtful, however, whether 
this case can be accepted as an illustration of the marine cycle as deduced by Johnson, 
for the premises are inconsistent with modern knowledge of frequent changes of ocean 
level, and features of the coast may be alternatively explained by attributing the retreat 
of cliffs and coastal development generally to erosion at successively lower levels. 

INTRODUCTION 

In his Shore Processes and Shoreline Development Douglas Johnson 
examined and developed the hypothesis of marine abrasion, making, however, 
the speculative preliminary assumption that sea level might remain stable for 
a vast period—certainly for millions of years (1919, p, 224-257). If ever 
this condition of fixity of base level without significant oscillation has pre- 
vailed it seems almost certain to have been so long ago that the question of 
development of plains of marine denudation under such conditions must be 
treated as one not of geomorphology (as applied to landscape forms of the 
present day) but of what may be called paleogeomorphology, which is pure 
geology. As such the question is worthy of the attention of geologists; it re- 
calls Davis’ well-known study of “Plains of marine and subaerial denudation” 
(1896), with all its geologic and paleogeographic implications. 

Application of the hypothesis, as Johnson developed it, to the explanatory 
description of existing coasts can be made only if it is possible to adopt the 
questionable postulate that the Pleistocene glacio-eustatic oscillations were 
temporary oceanic retreats of little significance in the long-term development 
of coasts, The integration of a succession of interrupted partial cycles into a 
composite major cycle by progressive elimination of the effects of a succession 
of temporary withdrawals of the ocean to lower levels is not part of Johnson’s 
grand concept; but latter-day appreciation of Pleistocene sea-level oscillations 
seems to make theoretical elaboration of such a composite scheme necessary 
for the explanation of many steep coasts. “The cumulative effect of an inte- 
grated series of episodes of marine erosion may be the production of very high 
and steep seaward-facing slopes” (Cotton, 1952, p, 49), notably some descend- 
ing to the shores of Cook Strait, New Zealand (such as one figured by Davis, 
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1928, fig. 186), and of course of complementary cut surfaces now forming 
parts of the marginal shelf. 

Long-term theories of development which carry the history of present- 
day forms back even beyond the beginning of the geologically brief Pleisto- 
cene into the ample but vague and misty Pliocene are particularly applicable 
to discussion of the broad outlines of coasts and islands, though the geo- 
morphic details of these may be all attributable to modern activity of the ero- 
sional and depositional processes. 

Daly (1927, p. 78) must have had in mind the composite cycle theory 
referred to above to explain the cliffing of the dissected volcanic island of St. 
Helena; for he can have had no intention of denying Pleistocene oscillation 
of ocean level, on which he had so often insisted. The “sea-cut” cliffs, he 
wrote, “have heights so great [up to 1600 feet] that we must believe the island 
has kept a nearly constant relation to sea level . . . probably since a preglacial 
epoch. . . . There is no hint of subsidence since preglacial time.” 

Davis (1928, p. 164) has remarked on the obvious fact that “stellate” 
embayed oceanic islands of the kind he described as “like Banks Peninsula”, 
though common in the coral seas, are rare in cooler seas, St. Helena, though 
not embayed, is exceptional as being a “maturely-dissected, cliff-walled vol- 
canic island” (1928, p. 160). 

Others as a rule are much younger, much less dissected, and as yet less 
strongly cliffed. These latter being reasonably abundant, Davis (1928, p. 164) 
inferred that many other volcanic islands have been entirely cut away by 
marine erosion, and invoked a theory of subsidence to account for absence of 
“banks” that might be explained as truncated islands, a theory since confirmed 
to some extent by the discovery of many seamounts. 

Coral-reef encirclement has allowed such long survival of very numerous 
islands that they have become thoroughly dissected, whereas in the reefless 
seas marine erosion working unimpeded has had time to destroy many islands. 
It appears, therefore, that the period required for one process or the other to 
dissect or destroy a large volcanic island must have been far longer than the 
geologically brief episode of glacio-eustatic oscillation of ocean level, i.e. it 
involves “long-enduring preglacial erosion” (Davis, 1928, p. 161). 

If Johnson’s concept of unchanging sea level (except for the phase of 
Pleistocene oscillation) is to be applied to any actual coasts, it must be as- 
sumed, however, that preglacial, interglacial, and postglacial ocean levels were 
at least approximately the same, that late-Pliocene eustatic high stands of 
ocean level are mythical, that suboceanic tectonic and volcanic accidents and 
other like events that might alter the capacity of ocean basins are negligible, 
and that the volume of water on the Earth’s surface has not changed appreci- 
ably in the last few million years—or, alternatively, that there has been so 
nice a balance among all these that sea level has remained almost unchanged. 
It would be incorrect to attribute to Johnson a belief in an absolutely un- 
changing sea level, but he perhaps subscribed to the “average sea-level” idea 
of Davis (1896), “above and below which the land long hovers in many minor 
oscillations” —in fact may do so for many millions of years. 
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Making such an assumption, for the sake of argument, one may tentatively 
approve Johnson’s contentions: (1) that, in a region unaffected by diastroph- 
ism, marine erosion will, given sufficient time, eventually destroy an island or 
even a land mass of considerable size, replacing it with a submarine abraded 
platform but little above the local level of wave base;' and (2) that it will 
cut back a continental margin an appreciable distance, replacing the land with 
a submarine abraded surface of very gentle slope that descends nearly to local 
wave base, though this cut platform will be bordered by a wide built shelf. 
Johnson summed up: “Careful analysis of the process of marine erosion must 
lead to the conclusion that marine planation is possible without coastal subsi- 


dence” (1919, p. 235). 


JOHNSON’S HYPOTHESIS AND SUPPORTING EXAMPLES 
Contention (1) was embodied by Johnson in a diagram (1919, fig. 40), 
which is redrawn as figure 1 herewith, with the important emendation that the 
depth of the edge of the marginal shelf (“continental terrace” of Johnson) is 
kept the same at successive stages. (This error in the design of Johnson's 
diagram, which is here corrected, and which appears also in some of his other 
figures, was probably introduced by careless or delegated drafting. It has been 


Sea level 


Fig. 1 

Emended copy of D, W. Johnson's fig. 40: “Stages in the reduction of a land mass, 
first to a flat cone [with apex at a] covered with marine veneer, later to a still flatter 
rock cone free from veneer but bordered by a broader continental terrace.” 
perpetuated in the copying of some of the diagrams for use as illustrations in 
a number of other works. ) 

Contention (2) was illustrated by Johnson in his figure 32 (repeated as 
fig. 35) and in his figure 37, which shows development of the submarine plat- 
form to much greater width than in figure 32. Figure 2, herewith, is copied 


Emended copy of D. W. Johnson’s fig. 35: “Stages in the development of the shore 
profiles of a shoreline of submergence.” Successive profiles: a’, b'b7b*, c'c*c*c*, d'd*d*d‘, 
from Johnson’s figure 32 (or 35), with a similar emendation to that introduced 
in figure 1. (In fig. 37 also the depth of the edge of the shelf at successive 
stages should be made to correspond with wave base, which presumably does 
not change between stages.) A profile in the smaller-scale diagram (fig. 37) 
which corresponds to d‘d*d°d* in figure 2 is described by Johnson as “early 


* “The depth at which the bottom is no longer sensibly stirred by wave action” (Cotton, 
1918, p. 144). 


Fig.2 
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old age,” and another that is drawn to show the submarine abraded platform 
developed to double the width is referred to as “advanced old age.” In the 
design of the latter (smaller-scale) diagram even more than in that of figure 
2, which carries the process only to “early old age,” the concept of a simul- 
taneous wearing down of the surface of the remaining land by subaerial 
processes is introduced. In Johnson’s figure 37, indeed, such a process is 
carried practically to the stage of peneplanation, so that a very extensive and 
more or less uniformly planed surface is in course of development which will 
eventually be in one part a peneplain and in another a plain of marine erosion. 
(The introduction of the concept of contemporaneous subaerial peneplanation 
of mountainous land makes it clear that Johnson was willing to postulate 
millions of years for the duration of his marine cycle.) 

On a marine abraded surface there is normally a cover, though it may 
be thin, as on the Pliocene upland surface of southern England’ (Wooldridge 
and Linton, 1938; 1955), fossilizing the plain of marine erosion. Johnson, 
however, envisaged the possibility of planation without the deposit of any 
cover, and has shown this in his figure 40 (fig. 1, herewith), though this is 
obviously a special case, namely that in which there is no longer any land 
left in the vicinity as a source of sediment. Unless submergence (positive 
movement of ocean level) has accompanied the process of planation—a quite 
different condition from that postulated, and apparently a commoner one in 
past ages—the cover, though it may be present, will be very thin. 

Much of the foregoing argument is highly speculative, depending as it 
does on the improbable postulate of secular stillstand. Most geologists have 
been content to assume slow submergence (positive movement of ocean level) 
as almost or quite a necessary accompaniment of marine planation, whether 
preceded or not by subaerial peneplanation (Davis, 1896); and certainly 
Richthofen (1886, p. 354-355) has shown that the process of marine erosion 
must be greatly speeded up thereby. Johnson, however, concerned himself with 
examination of the theoretical process of submarine planation while sea level 
remained stable, reasoning that such planation was possible, whereas others 
had assumed that under this condition marine erosion would be so far slowed 
down when the abraded platform and bordering built shelf began to grow 
wide that it would thereafter be negligible. As examples, he could cite only 
two notable cases in which it appeared to him that very wide abraded plains 
had developed while sea level had remained stable. These were the “strand 
flat” of Norway and a low-lying plain that borders the east coast of the penin- 
sula of India. 

Citing the description given by Cushing (1913; compare also Davis, 
1912, p. 209), and reproducing some of Cushing’s photographs, however, he 
* Thinness of Pliocene sands covering this surface may be held to exclude the hypothesis 
of any considerable positive movement during its formation by marine abrasion; but the 
covering beds are progressively younger westward (Wooldridge and Linton, 1955, p. 48), 
indicating a certain amount of progressive submergence. A low cliff (since “degraded” ) 
that is recognized (1955, p. 49-52) as separating the late-Pliocene plain of marine erosion 
from the Miocene-Pliocene peneplain of southern England is a feature that distinguishes 
this local combination from the (deduced) combination of simultaneously planed surfaces 


of subaerial and marine origin, development of which implies the stricter exclusion of any 
shift of ocean level while the marine cycle is in progress. 
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was compelled to regard the 50-mile-wide plain of the Indian coast as backed 
by very high and steep—even in places overhanging—sea cliffs (Johnson, 
1919, pls. 29, 30), an association that is inconsistent with the theory that the 
process of marine planation becomes so slow after considerable retrograda- 
tion has taken place that it is then accompanied by subaerial destruction of the 
relief of the hinterland. For this reason alone it seems that to explain the 
Indian landscape in question the theory of marine planation is scarcely 
plausible, and the balance of probability seems to favor a theory of subaerial 
development of the plain under the climatic conditions that shape monadnocks 
into steep-sided inselbergs, or bornhardts (Cotton, 1942, figs. 31, 32). 

The case of the strand flat of Norway has been examined by Nansen 
(1922), and according to him this somewhat irregular rocky surface of small 
relief—duplicated in some other subpolar regions—is attributable very largely 
to glacial sapping effected by ice-foot glaciers at the bases of cliffs that have 
been caused to retreat and have been thus kept very steep at the rear of a 
rocky coastal flat developed in this way (Cotton, 1942, figs. 70-72). The 
steepness and also the very great height of the slopes at the rear of the strand 
flat of Norway are of course, like the steep boundaries of bornhardts in the 
case of the Indian example, inconsistent with Johnson’s theory of develop- 
ment of the coast to old age in a marine cycle with constant sea level. 


THE CANTABRIAN COAST AS A POSSIBLE EXAMPLE 
If a one-cycle theory advocated by F, Hernandez-Pacheco (1950) to 


account for features of the coast of eastern Asturias and western Santander, 
north Spain, be accepted, this coast seems to afford a better example than any 
hitherto described of secular marine planation with a stable sea level. It is 
still in process of development and it has also this further advantage over the 
examples claimed by Johnson in Norway and India that it is not backed by 
very high and at the same time steep cliffs such as would discount the idea 
of secular marine erosional development. The height of land slope is there, 
but this has not such steepness throughout as rules out the marine theory of 
cliff origin in the other cases mentioned. Much of the descent to the sea is 
gradual, though broken into steps, and a very considerable lowering of the 
surface by subaerial erosion has been claimed in explanation of the present 
low altitude of a belt of land that is separated from the sea by cliffs only 150 
to 200 feet high. With such wasting the down-wearing of the land surface 
shown in Johnson’s diagrams (fig. 2) may be compared, The lowering claimed 
to be due to subaerial wasting is that from level A to level C in figures 3 and 
4. The descent from the edge of the bench A, figure 4, including the scarp 
that borders this bench and the surface of the lower bench C, is in a sense 
part of the sea cliff. 

Steepness and even overhang of the low cliffs at the sea margin, such as 
are described and figured by F. Hernandez-Pacheco, seem quite inconsistent 
with old age, i.e. with the culmination of prolonged and uninterrupted cliff 
retreat, An apologist, however, who did not hesitate to introduce a variant 
into the cyclic process in the form of a late-glacial and postglacial oscillation 
of sea level, eustatically down and then up again to the former level, might 
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Coastal retrogradation as postulated by F. Hernandez-Pacheco to account for 
features of part of the north coast of Spain (eastern Asturias an: part of Santander). 
At rear: Assumed initial condition, a pediment sloping (with original gradient unchanged) 
from the foot of the Cantabrian Mountains to the Bay of Biscay. 


In front: Condition after the coast has been cliffed back 6 miles during a period (possibly 
millions of years in length) of approximate stability of land and sea levels. The sea cliffs, 
at present vigorously attacked by the sea, do not exceed 150-200 feet in height because the 
land of the belt C, behind them, consisting of limestone and so subject to karst erosion, 
has been thus lowered some hundreds of feet below the original pediment surface, becom- 
ing an even-topped bench, though without base-level control, On resistant non-calcareous 
rocks high benches, A, survive, in which the pediment surface has been little modified and 
in places still retains a cover of cobbles. Intermediate benches, B, are relics of planed 
areas, the levelling of which has been controlled by a local base level. Geological forma- 
tions: j, Jurassic non-calcareous rocks; /, Carboniferous limestone; g, late Paleozoic non- 
calcareous rocks; t, weak Tertiary formation (underlain by Cretaceous, also weak). 
Topographic features, from left to right: Bay of Biscay; Rasa de Vidiago (bench C) ; 
Sierra Plana de Borbollo (bench A); Valle del Dovedal, bordered by relic of bench B; 
further remnants of pediment surface (bench A); Sierra de Cuera. (Profiles and structure 
after F. Hernandez-Pacheco.) 


High bench (rasa A) and low bench (rasa C, bordering the sea) at Pechén, San- 
tander (compare fig. 3). (From a photograph by F. Hernandez-Pacheco. ) 


explain the youthful character of the low cliffs as merely an ephemeral re- 
juvenation, such as might also have occurred earlier from time to time. 
Unfortunately for its putative value as an example of Johnsonian whole- 
sale marine erosion, it seems doubtful whether the one-cycle explanation of 
coastal development, even with such variation as has been suggested above, is 
really correct for this coast; and an alternative, which incorporates a concept 
of several significant and permanent shifts of sea level (or rather of the land 
relatively to sea level) has been presented at some length by F. Hernandez- 
Pacheco to apease skeptical readers.° Though he concedes the possibility of 
the occurrence of vertical movements of the land, he follows E, Hernandez- 
Pacheco (1930) in ignoring the necessity for assuming any changes of ocean 
level. It is irrelevant for the present purpose, however, whether the alternative 


* A theory of marine bench development at a not very remote date is preferred to that of 
subaerial denudation by Birot and Solé Sabaris (1954, p. 54). 
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history that has been suggested or some other that recognizes a greater number 
of emergences and involves very considerable oscillation of the ocean level 
in the Pleistocene best fits the features of the coast. 

The fact cannot be overlooked, however, that the shore is indented by 
embayments which obviously originated as drowned valleys, though now 
partly filled in by sedimentation, and which are in this as well as in other 
respects quite similar tc those of other coasts that show clearly the effects of 
postglacial positive movement of ocean level. These “rias” are reported by 
E. Hernandez-Pacheco (1930, p. 50) to have a measured depth of more than 
160 feet in some places. (It seems legitimate to suspect that the excavation, 
followed by drowning, of these valleys may be attributed to glacio-eustatic 
oscillation of levels.) F. Hernandez-Pacheco, in agreement with E. Hernandez- 
Pacheco, dates the submergence thus indicated as late Pliocene, but, rather 
surprisingly, reduces his estimate of its amplitude to 30 feet. This, if correct, 
would justify neglect of such a fluctuation of level as an interruption of a 
major cycle of retrogradation of the coast that is of such vast duration, 

Whatever the details, this coast, like a great many others, has obviously 
a long history that involves very extensive retrogradation, possibly, as is 
claimed, throughout most of the considerable width of a continental shelf that 
now borders it; but it is only if this retrogradation took place in a single 
marine cycle, more or less in accord with the favored hypothesis of 
F. Hernandez-Pacheco, which is set out more fully below, that it serves to 
illustrate and support Johnson’s thesis. For the sake of argument, therefore, 
the theory of one-cycle development with little or no interruption may be 
tentatively accepted, seeing that it postulates the kind of extensive coastal 
retrogradation, without progressive subsidence d@ la Richthofen, that Johnson 
has claimed as possible. The postulate that the relative levels of land and sea 
remain unchanged during the long period of cliff retreat is embodied in a 
series of successive profiles illustrating stages of development (F. Hernandez- 
Pacheco, 1950, fig. 7), though the accompanying text (p. 56, 82) is not so 
clear on this point. 

Coastal benches (locally termed rasas) have been developed, but though 
alternatively some at least of these may be explained as marine-cut terraces, 
indicating various positions of sea level in late Pliocene and Pleistocene times, 
the theory of landscape development without change in the relative levels of 
land and sea attributes their origin to subaerial processes of degradation. 
These are assumed to have operated in some cases without any base-level 
control and in no case with a base-level control that is satisfactorily explained, 
which makes it difficult to understand why they have very smooth and ap- 
proximately horizontal surfaces (though they are not structural) and are 
present at fairly uniform altitudes. 

Initially a broad pediment, it is postulated, descended northward from 
the foot of the Cantabrian Mountains. F. Hernandez-Pacheco dates the origin 
of this as late Miocene to early Pliocene; but if it is indeed a pediment it 
may be younger, for it would seem advisable to give serious consideration to 
correlation on paleoclimatic grounds with pediplaned surfaces overspread by 
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and of contemporaneous origin with the ubiquitous rafas (fanglomerate 
sheets) of western Spain and of Portugal, which, as they have nowhere been 
dislocated or deformed by Pliocene earth movements, Ribeiro and Feio (1950) 
date as late Pliocene, referring them to a hot-arid episode, probably Villa- 
franchian.* 

There is little suggestion of activity of Bourcart’s (1939; 1950) “con- 
tinental flexure” along this stretch of coast, such as would cause strong sea- 
ward tilting, and no significant change is reported in either the altitude or 
the attitude of the pediment, its gradual northward slope remaining unchanged 
at about 2 percent from a rear altitude of about 800 feet. It became sub- 
merged, however, northward of a line some six miles north of and parallel 
to the present coast (fig. 3, rear strip). Thus a marine cycle was initiated, 
during which it is assumed that cliffs have receded to their present position 
during an interval of probably at least a million years and possibly measurable 
in millions of years, but to all appearance without the progressive slowing 
down of the marine erosive process it is usual to postulate in such a case— 
though perhaps, as suggested above, this is a specious appearance due to a 
recent rejuvenation that has followed an oscillation of ocean level. 

The benches (rasas) bordering the coast in places to a depth of three 
miles inland fall into three main groups, A, B, C (fig. 3), all of which at first 
sight suggest well preserved erosional terraces, mainly or at least partly 
marine, an origin that is actually allowed as possible by F. Hernandez- 
Pacheco, though only in an alternative, not his preferred, hypothesis, for the 
B and C benches. According to both hypotheses the remarkably level-surfaced 
high benches and table tops he has grouped as A (at altitudes up to 800 feet) 
are relics of the initial pediment only very slightly lowered by denudation 
and so still sprinkled in places with cobbles from a formerly widespread al- 
luvial cover. This almost undamaged survival of parts of the ancient surface 
was possible only where the rocks under it were non-calcareous (quartzitic) 
resistant strata of late Paleozoic age (fig. 3, q). Both Carboniferous limestone 
and Cretaceous and Eocene formations have on the other hand (according 
to the constant sea-level hypothesis) been much degraded subaerially, thus 
affording an analogy, as already pointed out, with Johnson’s deduction. The 
denudation has been effected in the one case by solution and in the other by 
mechanical erosion, very different theories being thus adopted to explain 
development of the benches of the B and C (i.e. intermediate and low-level) 
series during the postulated long retreat of sea cliffs from the initial shoreline 
to that of the present day (fig. 3, front strip). 

For about three-quarters of the amplitude of the retreat (though not 
necessarily a like fraction of the time it occupied) marine erosion was en- 
gaged in cutting away the rocks of a non-calcareous Jurassic belt (fig. 3, j) 
said to be exposed offshore on the present-day shelf, and during this retreat 
dissection and erosion by rivers of the remnant of the pediment was (though 
‘ According to Birot and Solé Sabaris (1954, p. 54), however, it is scarcely probable that 


semi-arid climatic conditions such as would favor pediplanation have ever prevailed on 
the north coast of Spain. 
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in a manner that has not been fully explained) held up at a high local base 
level. This controlled the development inland of maturely opened valleys, parts 
of the flat floors of which survive as benches of the intermediate (B) group. 
After the receding cliffs at the sea margin had reached the belt of Carbonifer- 
ous limestone (fig. 3, /), by now cavernous, the former temporary base level, 
which was situated on the impermeable Jurassic rock belt, no longer func- 
tioned, and, in response to cliff recession, streams cut more deeply, and thus 
terraces were abandoned by them at the level B. 

As regards the benches of the much lower group (C), these are on the 
limestone belt. Here, where karst conditions of erosion had long been main- 
tained, denudation by chemical erosion is claimed to have proceeded so far 
as to lower the surface (very remarkably evenly) to the C level. 

If the foregoing explanations of very smooth terraces at the intermediate 
and low levels is not regarded as entirely plausible, it may be suspected that 
some at least of the benches of this coast were cut at times when ocean levels 
(and base levels thus controlled) were considerably higher than they are now, 
thus throwing grave doubt on the premise of a single marine cycle. In partic- 
ular, some benches at the intermediate (B) level and those at two lower 
levels grouped as C strongly suggest tentative correlation possibly with 
Sicilian and certainly with later Pleistocene sea levels in adjacent regions, 
which according to some authors are recognizable also in remote parts of 
the world. An argument that none of these benches has as yet been found to 
have a cover of recognizable and datable marine deposits is an appeal to 
negative evidence.* It is true of many obviously marine terraces—in New 
Zealand, for example—that no marine shells have been found in their sedi- 
mentary cover. Gravels and coarse sands on terraces that border mountainous 
coasts (yielding mainly such sediments) are subject to leaching, and com- 
monly they are completely decalcified. 

The settled belief of F, Hernandez-Pacheco in the non-marine origin of 
the surface on the highest (A) benches (though he allows of some doubt with 
regard to lower ones) recalls the claim of Johnson (1932, p. 397; 1944, p. 796- 
798) that many other somewhat similar benches (supposedly marine) were 
likewise pediments. Johnson did not advance this alternative explanation to 
attack any particular theory of progressively lower sea level, but all such 
theories are challenged by it. 

Excellent as F. Hernandez-Pacheco’s favored concept of the development 
of the north Spanish coast may appear as an example of rather advanced age 
in Johnson’s marine cycle of planation, doubt as to the applicability of the 
concept greatly reduces the value of the example. We are thus still without a 
completely satisfying demonstration of the validity of Johnson’s theory of 
secular marine planation. 

From a geological point of view the classic deduction may, however, be 
regarded (in Johnson’s own phraseology, 1933, p. 492) as “highly probable 
theory,” though not “as demonstrated fact.” 

* At Ribadeo, 100 miles farther west, where the only bench (A?) is at a low level (de- 
scending westward owing to the transverse warping of the coast that has drowned the 


deep rias of Galicia) Birot and Solé Sabaris (1954, p. 54) report the presence on it of 
typical marine deposits, beach sands, and grits. 
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PETROLOGY OF THE 
MEMESAGAMESING LAKE NORITE MASS, 
ONTARIO, CANADA 


GERALD M. FRIEDMAN 


ABSTRACT. The Memesagamesing Lake complex is located in the Canadian Shield 
five miles north of Loring where it intrudes granite gneisses; the intrusive is funnel- 
shaped. The complex is mostly norite with local olivine norite facies. If the modal analyses 
are representative, the marginal norite is of higher mafic content than norite of the core; 
its feldspars are more calcic and its hypersthenes more magnesian. A plot of the com- 
positions of coexisting plagioclase and orthopyroxene indicates simultaneous iron and 
soda enrichment in orthopyroxene and plagioclase respectively, The feldspars and 
pyroxenes have locally undergone cataclastic deformation and extensive replacement by 
hornblende, biotite and garnet which are intergrown with opaque minerals, Garnet and 
quartz form reaction rims separating feldspar and pyroxene in the norite; in the olivine 
norite the olivine is separated from the feldspar by three- and four-ply coronas of com- 
plex composition. 

Extensive jointing followed the consolidation of the intrusive. Zoned granite peg- 
matites were emplaced in many of the fractures. The norite was subjected to recrystalliza- 
tion in the pegmatite aureole, resulting in a secondary amphibolite with diablastic texture. 
Three faults broke up the intrusive and provided passageways for late-stage diabase dikes. 


INTRODUCTION 
Since Wager and Deer’s (1939) classic study on the differentiation of 
the Skaergaard intrusive comparable data have become available from other 
parts of the globe. Data are still scant, however, on the compositional changes 
of the constituent minerals which are involved in differentiation, The pur- 


pose of this paper is to supply additional information on the differentiation of 
basic intrusives as illustrated by the Memesagamesing Lake complex. 

The Memesagamesing Lake complex is located in the Canadian Shield 
in Hardy township in the Parry Sound district of Ontario about five miles 
north of the village of Loring (fig. 1). It underlies an area of approximately 
two square miles, slightly more than half of which is covered by Memesa- 
gamesing Lake. The Caribou complex described by Friedman (1953) is 
located about seven miles to the southwest. 

The author is grateful to Dr. John L. Rich and Mr. Richard H. Durrell 
for help in the interpretation of the aerial photographs. Mr. John F. Weaver 
contributed to part of this study. Mr. Richard J. Meinert and Mr. Richard 
H. Bruns prepared the photomicrographs. 

Three weeks were spent in the field mapping the intrusive, The field 
work was supplemented by the study of aerial photographs prepared by the 
Ontario Department of Lands and Forests on the scale of 4” = 1 mile. A 
base map was prepared by Mr. J. F. Weaver by the overlay method (McCurdy, 
1940) with modification by Rich (personal advice). This method is a varia- 
tion of the radial line system of picture control which is based on a system 
of graphic triangulation and resection. The pictures were prepared in ac- 
cordance with a procedure outlined by Smith (1943, p. 161-173). 

Seventy-five thin sections and three polished surfaces were examined. 
The composition of the feldspars was determined on a Leitz four-axis uni- 


versal stage by measuring the extinction angles perpendicular to “a” and 
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checked by immersion methods. The tables of Crump and Ketner (1953, p. 
31) were used to obtain the plagioclase composition, Agreement averaged 
about + 2% An. Optic angle determinations on ortho- and clinopyroxene, 
olivine and amphibole were made by direct rotation from one optic axis to 
the other. The refractive indices were determined by immersion methods with 
oils calibrated in steps of 0.01 index, the end point being checked on a Leitz- 
Jelley refractometer, Extinction angles were determined on the universal 


stage, following the method of Burri (Haff, 1941). 


PREVIOUS WORK 
The intrusive has not been previously studied. Coleman (1899, 1900) 
visited Memesagamesing Lake briefly and reported the presence of a medium- 
to coarse-grained diabase heavily charged with pyrrhotite, pyrite, and chal- 
copyrite. He noted that the “ore greatly resembles some varieties of the 
Sudbury copper nickel ores.” Satterly (1943) identified the rock as a norite 
and examined the copper-nickel prospects. 
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Fig. 1. Index map. 


GENERAL GEOLOGY 


The country rocks into which the intrusive has been emplaced are mostly 
granites and granite gneisses with local intercalations of metasediment. The 
intrusive is a small plug composed of medium-grained, brown-weathering 
norite and local olivine norite lenses. The olivine norite is confined to three 
small islands (fig. 2). The contact between norite and country rock is sharp. 
The norite is less resistant to weathering than the granites and crops out only 
at the lake shores or as islands in Memesagamesing Lake. The peninsula 
separating the northern and southern parts of Memesagamesing Lake forms 
the largest exposed norite mass. It is tied to the mainland by norite strips 
which have been intruded by granite pegmatites. These dikes act as retaining 
walls against erosion. 
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The dips and strikes of the planes of foliation of the norite suggest a 
funnel-shaped intrusive. The observation that the feldspars become more calcic 
and the orthopyroxenes more magnesian toward the margin of the intrusive 
would tend to confirm the conclusion arrived at from structural data. Aerial 
photographs suggest the presence of concentric trends in the norite mass of 
the peninsula, Prominent concentric trends were discovered at the nearby 
Caribou intrusive (Friedman, in preparation) and these were found to be 
the result of concentric banding. Basic intrusives are well known for this 
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type of structure. At Memesagamesing, however, the concentric trends could 
not be identified with certainty and were therefore omitted on the map. 

Of the three islands underlain by olivine norite one occurs as a marginal 
facies of the norite, whereas the distance from the contact to the other two 
islands is a little more than one quarter of a mile. The olivine of the latter 
was perhaps concentrated “in a moving body of magma by a mechanism 
analogous to elutriation” (Turner and Verhoogen, 1951, p. 73), or as Fuller 
put it (1939) “in a manner somewhat analogous to the deposition of sand at 
the delta of a river.” 

Magnetic anomalies east of the intrusive leave open the possibility that 
the magma was introduced from the east, but magnetic maps can usually 
be interpreted in more than one way. 

In the late stages of consolidation the norite was broken up by joints 
which are evident on aerial photographs. The joints have an approximately 
N 40-55° E strike and are at right angles to the intrusive contact. These 
joints may be termed cross joints. Most of the jointing is found in the central 
part of the intrusive. Balk (1937) cites a number of examples to show that 
“cross joints in igneous masses form during essentially the same period that 
aplitic and pegmatitic rest liquids are injected.” The joints and fissure open- 
ings probably provided passageways for the pegmatites. The strike of the 
major granite pegmatites parallels the strike of the major joints. Of nine 
granite pegmatites the strike of which was measured, eight have a strike of 
between N 46-65°E. The joints have an approximate length of one quarter to 
one-half a mile. The pegmatites have widths up to about 30 feet. Recrystalli- 
zation of the norite by the pegmatites gave rise to amphibolites in the contact 
aureole, the aureole extending in widths up to about 15 feet. 

The norite is locally well jointed, as at the abandoned prospecton the 
east shore of Memesagamesing Lake. The strike of the joints at this point is 
N 85°W and their dip is 85°S. Satterly (1943) notes that “this jointing is 
intersected by a flat jointing, which produces a blocky structure.” 

Throughout the area considerable block faulting is evident. The faults 
differ in magnitude. The Rainy Creek fault which cuts the intrusive has a 
N76-80°W strike and has been traced for 16 miles, It is probably consider- 
ably longer. The Memesagamesing fault, where cutting the intrusive, has a 
strike of about N40-50°E and has been traced for 10 miles. The intersection 
of the two faults is in the southern part of Memesagamesing Lake. No ap- 
preciable displacement along the faults was noted. Other prominent faults, 
not covered by the map (fig. 2), are the Caribou fault located about 5 miles 
to the southwest, and the Wolf River fault located 2 miles south of Memesa- 
gainesing Lake. Both these faults have an approximately east-west strike and 
have been traced for 20 and 12 miles respectively. They are probably of much 
greater extent. 

Diabase dikes ascended both the Rainy Creek and Memesagamesing 
faults. Diabase outcrops are continuous along the Rainy Creek fault east of 
the lake and are sporadic west of the lake, Diabase was found along the 
Memesagamesing fault northeast of the lake. These dikes perhaps account for 
the magnetic anomalies along Rainy Creek (fig. 3). 
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Fig. 3. Aeromagnetic map of Memesagamesing Lake-Rainy Creek tract, Norite mass 
is in northwestern part of map, Modified from Mills sheet prepared by Province of 
Ontario Department of Mines. 


PETROGRAPHY 

General statement.—The rocks of the intrusive and surrounding area in- 
clude: norite, olivine norite, granite pegmatite, amphibolite, diabase, granite, 
and granite gneiss. Of the rocks of the intrusive the norite is most abundant. 
Olivine norite underlies three small islands. Granite pegmatite cuts the norite 
mass, while the amphibolite occurs in the contact aureole adjacent to the 
pegmatites. The diabase occurs as dikes emplaced along the Rainy Creek and 
Memesagamesing faults. Granite and granite gneiss with local intercalated 
metasediments make up the country rock surrounding the intrusive. Fresh- 
looking granite devoid of gneissosity may be younger than the metamorphic 
rocks, and a genetic relationship may exist between the granite pegmatites 
and this granite. The primary rocks of the intrusive will be described in 
order of decreasing basicity. 

Olivine norite—The olivine norite is a medium-grained, dark brownish- 
green rock composed of labradorite, clino- and orthopyroxene, and olivine. 
The orthopyroxene locally shows moderate to strong pleochroism. The clino- 
pyroxenes contain oriented orthopyroxene lamellae. Secondary minerals 
include biotite, serpentine, hornblende, garnet, pyrrhotite, magnetite, and 
spinel. 

The opaque minerals magnetite, pyrrhotite, and pyrite are locally inter- 
grown with biotite and a green spinel. The intergrowths are bordered by 
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reaction rims which separate them from the plagioclase, An inner symplektite 
of undetermined composition surrounds this intergrowth, and biotite stringers 
permeate the symplektite. A second rim lacking biotite is likewise of unde- 
termined composition, and the third and outer rim is made up of garnet. 

The feldspars are highly clouded as a result of numerous minute inclu- 
sions. These inclusions locally show a preferential alignment parallel to (010). 
Their general appearance suggests spinel microlites. With increasing distance 
from mafic minerals the feldspars show a decreasing abundance of inclusions. 

Olivine is separated from the feldspar by three- and four-ply coronas. 
Orthopyroxene forms a rim bordering the olivine, followed by a thin veneer 
of spinel and an outer symplektite of undetermined composition. A clino- 
pyroxene appears to be included in the outer shell, and locally garnet forms 
a fourth corona and borders the plagioclase, Shand (1945) contends that 
coronas are not the products of magmatic crystallization, but that thermal 
metamorphism may bring about the reactions that give rise to coronas. At 
Memesagamesing the necessary conditions for thermal metamorphism are 
realized, and the numerous pegmatite dikes are perhaps responsible for the 
development of the coronas. It should be added that abundant pegmatite dikes 
too small to be mapped cut the norite mass. 

Where the olivine is enclosed in pyroxene it is not bordered by reaction 
rims, and the olivine seems to have been resorbed during the formation of 
the pyroxene. Locally ‘the clinopyroxene forms narrow borders around large 
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plates of orthopyroxene. The clinopyroxene was formed later than the ortho- 
pyroxene and seems to have formed, at least in part, at the expense of the 
orthopyroxene. Corroded orthopyroxene relicts are enclosed in clinopyroxene. 
The cleavage direction of the later pyroxene is parallel to that of the earlier. 

The amphibole of the olivine norite is usually of brownish color in con- 
trast to the amphibole of the norite which is commonly green. A blue amphi- 
bole is found locally, indicating perhaps a slight introduction of soda, Bluish 
hornblende has been noted in the amphibolite and norite, and the source of 
the alkalies may be the granite pegmatites. Kunitz (1930) considers the brown 
color of hornblende a function of the presence of titania; Shand (1942) 
believes that it has to do with the degree of oxidation or hydration of the 
iron present. 

Norite.—The norite is a medium-grained, light gray, brown-weathering 
rock of granitic texture. Its essential primary minerals are labradorite, hypers- 
thene, and augite. Of the pyroxenes, hypersthene is most abundant. The norite 
has undergone cataclastic deformation. The primary minerals show granula- 
tion and mortar structure and have irregular extinction. The following min- 
erals have formed at the expense of pyroxenes and/or feldspars: hornblende, 
biotite, garnet, quartz, clinozoisite, scapolite, pyrite, pyrrhotite, titaniferous 
magnetite, and apatite. Vermicular quartz in feldspar was also noted in a few 
norite specimens. Secondary minerals were found in every norite specimen 
examined. Where the changes were least significant only the margins of 
pyroxenes were replaced by amphiboles or biotite. Near granite pegmatites 
the changes are most pronounced, resulting in an amphibolite in which 
pyroxene is totally absent. In many norites large-scale replacement of pyroxene 
by hornblende and biotite has taken place. Many feldspars show bent twinning 
lamallae; some are progressively zoned and locally twinning striae are lacking. 
Some pyroxene crystals have been bent. Cataclastic deformation has produced 
finely granular pyroxene fragments bordering large pyroxene crystals. Similar 
observations have been made on the feldspars. Coronas of garnet and quartz 
have formed along the borders of pyroxene and plagioclase; the garnet is 
normally contiguous with the feldspar, the quartz nearer the pyroxene, Of 
the two minerals the garnet is much more prominent, Feldspars are locally 
clouded as a result of numerous minute inclusions. The significance of cloud- 
ing in feldspars has been discussed by MacGregor (1931) and more recently 
by Poldervaart and Gilkey (1954). 

The opaque minerals and apatite are typically intergrown with horn- 
blende, biotite, or garnet. Since these silicates are of secondary origin, apatite 
and the opaque minerals must have formed at a late stage in the history of 
consolidation of the norite intrusive. This agrees with similar conclusions made 
by Peach (1947), Moorhouse (1953), and Friedman (in press) in their 
studies of other areas and would tend to confirm Moorhouse’s contention that 
“contrary to the expressed opinion of many petrologists, most of the common 
accessory minerals may be expected to crystallize late in igneous rocks.” The 
large-scale replacement of pyroxenes by the secondary silicates may be re- 
lated to the emplacement of the granite pegmatites. Recrystallization induced 
by the pegmatites has mostly brought about the replacement of pyroxene by 
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A. Norite. Intergrowth of clino- and orthopyroxene, Crossed nicols, 57. 

B. Norite. Marginal replacement of pyroxene by hornblende. Slight clouding of 
plagioclase, X 57. 

C. Norite. Reaction rim of garnet (ga) and quartz (q) separating pyroxene (py) 
from plagioclase. < 57. 

D. Norite. Replacement of pyroxene (py) by opaque minerals and garnet (ga) 
reaction rims, X 57, 
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PLATE 2 


A. Norite. Garnet (ga) reaction rims bordering pyroxene (py) and intergrowth of 
biotite (bi) and opaque minerals. The feldspars show prominent clouding near the garnet 
rims, but a narrow, cleared zone separates the garnet from the clouded feldspar. X 57. 


B. Amphibolite. Hornblende enclosing quartz (diablastic or sieve texture). XX 57. 


amphibole and biotite in the contact aureole. A progressive increase in these 
minerals is noted from norite toward the amphibolite of the aureole. It ap- 
pears that the secondary silicates in the norites also owe their existence to 
the emplacement of the pegmatites. The hornblende in the norite is locally 
of bluish color which may indicate introduction of soda, the pegmatites being 
the source of alkalies. Bluish hornblende is locally intergrown with the ore 
minerals, apatite and quartz. These observations tend to indicate that most 
of the accessory minerals in the norite have formed at a post-consolidation 
stage of the norite intrusive. 

Modal analyses of the norite are given in table 1. If the analyses are 
representative it appears that the border norite has a higher content of mafic 
minerals than norite from the core of the intrusive. 

Granite pegmatites—The granite pegmatites fill joints in the norite and 
are up to 30 feet in width. The pegmatites are roughly tabular and are mostly 
restricted to the norite body. Most of them are zoned; only one zoned granite 
pegmatite was found in the surrounding metamorphic rocks, The zoned peg- 
matites have a quartz core which is followed by a zone composed of feldspar, 
quartz and mica, but mica is normally not abundant. Muscovite is the pre- 
dominant mica, but biotite has locally been noted. Small red garnets are 
abundant in the outer zone of some pegmatites. A fine-grained border zone 
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A. Olivine norite. Complex corona bordering olivine relic. Inner shell is of un- 
determined composition, outer shell is garnet (ga). Plagioclase is deeply clouded. X 42. 


B. Olivine norite. Corona bordering intergrowth of biotite (bi), spinel (sp) and 
opaque minerals. Inner shell is of undetermined composition, outer shell is garnet (ga). 
Plagioclase is deeply clouded. X 28. 
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locally adjoins the recrystallized norite. The feldspars of the pegmatite are 
oligoclase and microcline. 
TABLE 1 
Modal Analyses of Norite 


near center center near contact 
Location contact (peninsula) (peninsula ) (drill core) 


Plagiclase 58.3 76.1 
Orthopyroxene 13.4 25. 12.3 
Clinopyroxene 15.5 2.5 6.6 
Biotite 2.0 
Hornblende 3.9 3. 1.9 
Garnet 5.9 0.8 
Quartz 0.3 — 
Apatite 0.1 0.2 
Opaques 0.5 2.1 


99.9 . 100.0 100.0 


The contact with the country rock is sharp. Cameron and others (1954, 
p. 1) state that sharpness of contacts (of the New England pegmatites) sug- 
gests that injection, either forceful or permissive, was the principal mechanism 
of pegmatite emplacement. The adjacent norite has been recrystallized and the 
planes of foliation of the reconstituted rock parallel the strike of the peg- 
matites. The bending of the foliation around the pegmatite bodies and the 
absence of deformation in the pegmatites would indicate that the norite yielded 
by flow, a conclusion similar to that arrived at by Cameron and others (1954, 
p. 24) for the New England pegmatites. Some pegmatites enclose corroded 
xenoliths of basic rock. Chemical analyses at the Caribou complex (Friedman, 
in preparation) have shown that alkalies have been introduced into the aureole 
of the pegmatite. The presence of biotite and garnet in the pegmatite indicate 
that assimilation has taken place between the pegmatite liquid and the country 
rock. 

Amphibolite——The amphibolite formed at the expense of the norite as a 
result of the recrystallization induced by the granite pegmatites and makes up 
the contact aureole of the latter. It commonly shows prominent foliation 
paralleling the strike of the pegmatites. Its essential minerals are plagioclase, 
hornblende, and biotite. Accessory minerals include quartz, epidote, sphene, 
garnet, pyrite, and titaniferous magnetite. The relative amounts of hornblende 
and biotite vary, hornblende is typically more prominent than biotite. Locally 
biotite occurs only in accessory amounts, The hornblende crystals are com- 
monly euhedral and enclose small quartz grains, which results in a diablastic 
or sieve texture which Weinschenk (1916) states is diagnostic of metamorphic 
rocks. Sphene, apatite, and the ore minerals are locally intergrown with horn- 
blende. The hornblende is commonly of a blue color which may indicate the 
presence of soda, Pyroxenes are invariably absent near the pegmatites. At 
some distance from the pegmatites they appear and increase progressively in 
abundance. The amphibolite passes marginally into the norite, 
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The plagioclase of the amphibolite has a much fresher appearance than 
the plagioclase of the norite. It locally shows progressive zoning, but com- 
monly the feldspars are untwinned. The original norite has been recrystallized 
to form the amphibolite. Gorai (1950) and Emmons and Mann (1953) con- 
sider twinning in feldspar as a clue to the mode of origin of rocks. The last- 
named authors call attention to Gorai’s conclusion “that untwinned plagioclase 
is found in the metasomatic type of rock.” The observation at Memesagamesing 
and at Caribou (Friedman, in preparation) confirm the validity of these 
conclusions. 

Locally garnet reaction rims are found between plagioclase and amphi- 
bole. This amphibole replaced an original pyroxene, indicating that the reac- 
tion rims formed first between the pyroxene and plagioclase, and the pyroxene 
was subsequently replaced by hornblende. 

Diabase.—The diabase is a medium-grained rock of ophitic texture, Its 
essential primary minerals are labradorite and clinopyroxene, Accessory min- 
erals include titaniferous magnetite, pyrite, and apatite. Micropegmatite and 
interstitial quartz are locally abundant. Hornblende, biotite, chlorite, serpen- 
tine, garnet and probably some titaniferous magnetite are of secondary origin. 
Three feldspars were identified and are listed in approximate order of 
abundance: (1) Ango, (2) An;;, and (3) An,;. The clinopyroxene has a 2V 
of 43° indicating a diopsidic augite. 


MINERALIZATION 

Two prospects have been opened in the area; their location is shown in 
figure 2. At the east shore of Memesagamesing Lake a shaft had been sunk to 
a depth of about 30 feet by the Parry Sound Mining Company in the late 
1890s. Since this time prospecting and diamond drilling have been undertaken 
but with little success. A drill core was found on the east shore of Memesa- 
gamesing Lake (fig. 2), and a thin section showed this rock to be a typical 
norite with no indication of mineralization. Coleman (1900, p. 170-171) 
identified pyrrhotite, pyrite, and chalcopyrite on the dumps of the Parry 
Sound Mining Company’s prospect. Satterly (1943) took 3-, 5- and 12-pound 
grab samples which assayed as follows (table 2) : 


TABLE 2 


Sample Copper % 


Nickel % 
3 pounds 0.17 0.22 


5 pounds 0.05 none 
12 pounds 0.68 0.71 


A polished surface examination of material from the Parry Sound Mining 
Company’s prospect showed the most prominent mineral to be pyrrhotite. The 
pyrrhotite encloses titaniferous magnetite and locally chalcopyrite. Small 
pyrrhotite crystals occur sporadically as inclusions in chalcopyrite and mag- 
netite. Locally chalcopyrite forms a narrow intercalation between pyrite and 
pyrrhotite. 

The ore occurs in stringers and as dissemination in the norite. It has 
formed by replacement of the norite. 
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MINERALOGY 

Plagioclase.—The feldspars of the norite are of irregular shape and locally 
zoned and vary in composition from An,s to Ango. As a general rule the more 
calcic feldspars occur toward the margin of the intrusive, and the more sodic 
plagioclase is found in the rocks of the peninsula or on the islands south of 
it, i.e. in the center of the intrusive. 

The albite law is the most common twin law, and most determinations 
were made of feldspar twinned on this law. A few determinations were made 
on the Carlsbad-albite law. The feldspars show local clouding caused by 
minute inclusions, and locally zoning is strong and twinning is lacking, 

The plagioclase of the amphibolite shows a composition range of Angs to 
Anse, the majority varying from about Any, to Ang. The feldspar of the 
amphibolite shows abundant zoning and generally lacks twinning. The feldspar 
of the amphibolite has a much fresher appearance than that of the norite. At 
Caribou it has been shown (Friedman, in preparation) by chemical analyses 
that alkalies were introduced from the granite pegmatites; the almost in- 
variably higher soda content of the feldspar found in the amphibolite suggests 
that a similar process occurred at Memesagamesing. The emplacement of the 
granite pegmatites caused recrystallization and modification of the feldspar 
composition in the contact aureole. 

Emmons and Mann (1953, p. 43) conclude that twinning “is one of the 
factors and often a dominant factor in the elimination of zoning” and that 
twinning postdates zoning. Nearer the granite pegmatites the feldspars were 
completely recrystallized and commonly lack twinning. Many of these un- 
twinned feldspars have uniform extinction, others are progressively zoned. 
Some of the twinned feldspars in the pegmatite aureole show zoning but many 
are unzoned, clear and fresh-looking. Locally untwinned cores are surrounded 
by twinned margins. It appears that the formation of zones followed recrystal- 
lization and was in turn succeeded by the formation of twins, the end result 
being an unzoned, clear, fresh-looking twinned plagioclase of more sodic 
composition than the original feldspar. Twinned and untwinned crystals are 
contiguous in both norites and amphibolites. 

Locally the feldspars of the norite are untwinned and strongly zoned. 
The possibility is left open that feldspar development was arrested at a stage 
prior to that of twin formation. On the other hand, the feldspars may have 
undergone elimination of twinning following crystallization when the norites 
were locally subjected to cataclastic deformation, subsequent recementation, 
and the influence of the granite pegmatites. Any of these factors or perhaps a 
combination may have been responsible for the elimination of the twinning. 
Both twinned and untwinned feldspars locally show prominent zoning, which 
may somewhat antedate the elimination of the twin lamellae, The feldspars are 
progressively zoned and have a more calcic core, The zoning and the spatial 
relationship between twinned and untwinned parts of crystals is very irregular 
and indicates a complex history of feldspar changes. 

The composition of the feldspar in the olivine norite is difficult to de- 
termine, as the crystals are intensely clouded by minute inclusions and the 
twin lamellae locally are obscure. The feldspar composition appears to vary 
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from about An,; to Ang:. The Ang; value is probably close to that of the 
unmodified feldspar. 

Clouded feldspars were noted in both norite and olivine norite. Strong 
clouding prevails in the olivine-bearing rocks which renders some of the 
feldspar crystals almost opaque. In the norites the clouding varies from 
medium to slight and is locally absent. Minute particles distributed through- 
out the crystal are the reason for this clouding. 

Poldervaart and Gilkey (1954, p. 78) quote Shand (1945) as saying 
that “feldspar-bearing coronites invariably contain clouded plagioclase.” The 
Memesagamesing and Caribou norites carrying garnet reaction rims com- 
monly exhibit clouding. This clouding, however, is locally so slight as to 
escape notice in cursory inspection of thin sections, and in some coronites it 
is entirely lacking. In contrast the feldspars of the olivine norites invariably 
show intense clouding. Although many of the norites are coronites according 
to the definition of Shand (1945), all the olivine norites are. The particles 
producing the clouding in the olivine-bearing rocks appear to be spinel 
microlites; in the norites they are mostly magnetite. The intensity of the 
clouding and the mineralogical composition of the particles giving rise to 
the clouding depends on whether or not olivine is an essential mineral of 
the rock. In the olivine-bearing rocks clouding is not confined to plagioclase, 
as hypersthene locally is strongly clouded. The plagioclase of the olivine norite 
has a green color in hand specimen which may be the result of the numerous 
inclusions. In some norites twinned and untwinned feldspars coexist and 
both may be clouded. 

As coronites contain clouded plagioclase, the formation of the two must 
be related. Shand (1945, p. 264) states that “the iron and magnesium ions 
discharged from the olivine attacked the anorthite of the plagioclase, gen- 
erating either garnet or amphibole and spinel.” The clouding in the feldspars 
locally produces a zoning effect. The part of the feldspar which is contiguous 
with the corona is, in many cases, more densely clouded than the rest of the 
crystal, the proximity to the source of the introduced ions guiding the intensity 
of clouding. Locally this relationship is not shown, but it would not be sur- 
prising if the third dimension would bring out a similar pattern. In some cases 
the clouded feldspars have a clear margin which is almost devoid of inclu- 
sions. Poldervaart and Gilkey (1954) explain the “clear” mantles of feldspars 
by the diffusion of iron ions out of the plagioclase crystals as a result of the 
decrease in iron concentration of the pore liquid upon crystallization, Al- 
though in the feldspars of the norite clouding may increase in density toward 
the margin, in many cases the feldspars are uniformly clouded except for 
peripheral parts which lack inclusions. It cannot be said with certainty that 
all the clouding in the norites is the result of the introduction of extraneous 
matter. Poldervaart and Gilkey (p. 75) state that “slight clouding is probably 
due to exsolution of iron present in the feldspar lattice at the time of its forma- 
tion.” This explanation may hold for some of the norites. The feldspars of 
the amphibolites are clear, fresh-looking and devoid of inclusions. 

The following conditions for clouding of plagioclase are suggested by 
Poldervaart and Gilkey (p. 87): “(1) the existence of an adequately high 
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temperature for a sufficient length of time, (2) the presence of an aqueous 
pore liquid, and (3) the presence of iron-bearing minerals in the original 
rock.” Point 3 has already been discussed. With respect to points 1 and 2 
the question arises what is the source of the heat and the aqueous pore liquid. 
The garnet coronas and the inclusions in feldspar are genetically related, and 
the reactions responsible for their formation were postmagmatic, Shand 
(1945) believes that coronites are the result of thermal metamorphism, and 
MacGregor (1931) suggests a similar origin for clouded feldspars. The 
abundant granite pegmatites in the area may perhaps have provided the heat 
and the pore liquid. 

Rosenqvist (1952) introduced the concept of dipsenic metamorphism 
(metamorphism with insufficient water). In the Egersund area of southwestern 
Norway garnet corona formation took place in rocks similar to the Memesa- 
gamesing norite under conditions of dipsenic metamorphism. This may indi- 
cate that the amount of pore liquid necessary for corona formation and for 
clouding in feldspar does not have to be large. According to Poldervaart and 
Gilkey (1954, p. 88) “an ‘excess’ of water would promote recrystallization of 
plagioclase in preference to clouding.” This indeed took place in the peg- 
matite contact aureole where the rocks were recrystallized and the clouding 
eliminated. 

Scapolite occurs as an accessory mineral in the norite where it formed 
at the expense of the plagioclase. 


Taste 3 
Optical Data on Orthopyroxene, Clinopyroxene and Amphibole 


Orthopyroxene 


Rock 2V Gamma Index Estimated Location 
En content 


Norite 1.711 64 Core of intrusive 
(large island) 

Norite 1.706 70 near contact 

Olivine 

norite ; 75% near contact 


Clinopyroxene 


Rock 2 Gamma Index* Estimated Location 
Fs 


Norite 314 1.712 14 near contact 
Norite 1. 2 17 ‘core of intrusive 
(island) 
Amphibole 


Rock 2Vx Gamma Index A 


Amphibolite 574 not detd. 
Amphibolite fy ° 665 18° 
Amphibolite 22° 
Amphibolite 4 4° 


* The y-index was obtained by adding 0.004 to y> an approximation suggested by 
Walker and Poldervaart (1949, p. 630). 
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Orthopyroxene.—Orthopyroxene occurs in olivine norite and norite but 
was not found in the contact aureole of the pegmatites. The orthopyroxene is 
a hypersthene and varies in composition from near Eng, to En;2,5 in norite, 
while in olivine norite it has a composition of about En;s.5. The ortho- 
pyroxene composition was determined with the curve of Poldervaart (1950). 
Although many of the orthopyroxenes are zoned, only a few show large 
compositional differences between core and rim. In one hypersthene from the 
center of the intrusive the rim gave a 2V of 5814° (Eng;) as compared with 
43° in the core. No curves have been worked out by which the composition 
of the core can be determined. However, judging from a table of Poldervaart 
(1950), it is safe to state that the molecular proportion of enstatite in the 
core is close to 20 percent less than that of the rim. Some optical data on 
orthopyroxene are given in table 3. 

As a general rule the orthopyroxene of the norite near the contact has 
a higher enstatite content than orthopyroxene from the core of the intrusive. 
There is a systematic correlation between plagioclase and orthopyroxene 
composition. A feldspar of high anorthite content is normally accompanied 
by a hypersthene of high enstatite content. As shown on the graph, figure 4, 
both minerals have a restricted range of composition, but the correlation 
seems to be linear. The norite near the contact contains a more calcic feldspar 
and a more magnesian orthopyroxene than norite from the core of the in- 
trusive. 


70 
EN % 


© COEXISTING PLAGIOCLASE + HYPERSTHENE FROM 
MARGINAL MORITE 

@ COEXISTING PLAGIOCLASE + HYPERSTHENE FROM 
CORE OF INTRUSIVE 

Fig. 4. Plagioclase-orthopyroxene relation. 
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In addition to schiller inclusions two types of exsolution plates dis- 
tinguish themselves. Thin oriented lamellae of diopsidic composition are 
arranged parallel to (100). According to Poldervaart and Hess (1951) 
“normal orthopyroxenes of primary crystallization contain approximately 
314% Cat* ions of the total (Cat? + Mgt? + Fet?).” In plutonic rocks 
the Cat? ions are exsolved and aid the formation of the oriented lamellae. 
Poldervaart and Hess note that pigeonite normally contains approximately 
914% Cat* of the total (Cat? + Mgt? + Fet?). In norites the pigeonite 
exsolves augite lamellae parallel to (001). When pigeonite inverts to ortho- 
pyroxene the lamellae are retained near (101) of the hypersthene. In the 
orthopyroxenes of the Memesagamesing intrusive lamellae of this type appear 
to be developed. 

Some clinopyroxene is intergrown in orthopyroxene at almost right angles 
to the cleavage of the latter. 

Clinopyroxene.—In contrast to the hypersthene, the clinopyroxene in the 
norite shows little difference in composition from the margin to the core of 
the intrusive. The composition of the clinopyroxene was obtained by the in- 
tersection of the gamma index with the curve of “normal” trend of clino- 
pyroxene crystallization, following Walker and Poldervaart (1949), The 
composition of the clinopyroxene falls in the augite field of Hess (1941). 
Table 3 gives some optical properties of the clinopyroxenes. Determinations of 
the clinopyroxene composition gave a value of Wo,,; Eny; Fs,, for augite from 
the contact zone and Wo,, En, Fs,; for augite from the core of the intrusive. 
This suggests a minor enrichment in iron toward the core. In thin section the 
clinopyroxene is of green color. Locally exsolution lamellae of orthopyroxene 
are enclosed in augite and are oriented parallel to the cleavage of the latter. 

Olivine.—Olivine has been found only on the three small islands underlain 
by olivine norite. The olivine composition was determined from the optic 
angle with the curve of Poldervaart (1950), a 2 Vx of 86° indicating a 
molecular proportion of about 83 percent forsterite in the olivine. Coronas 
between olivine and plagioclase are prominent. Locally the olivine has been 
replaced by serpentine. 

Amphibole——Hornblende has been found in olivine norite, norite, and 
amphibolite. It is most abundant in amphibolite, sporadic to rare in olivine 
norite. It varies in color and pleochroism, being brownish to brownish-green 
in the olivine-bearing rocks and green to bluish-green in norite and amphi- 
bolite. In the latter blue colors are commonly prominent. The hornblende is 
a secondary mineral having formed at the expense of the primary silicates 
of the norite, particularly at the expense of the pyroxene. 

Optical data on the amphiboles of the amphibolite are presented in table 
3. Compositions of amphiboles from the optical properties are impossible to 
obtain. Herz (1951) worked out approximate compositions from information 
in an article by Sundius (1946). 


Garnet.—The garnet is probably a mixture of the grossularite, pyrope, 
and almandine end members. The refractive index of a garnet from a norite 
of the center of the intrusive is near 1.786. Most of the garnets occur as 
corona minerals in the norite. 
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TRACE ELEMENTS 

Spectrographic analyses were made of norite and olivine norite. Although 
the data are essentially qualitative, the trace elements can be estimated within 
the limits stated beneath table 4. 

Traces of boron were found in the olivine-bearing norite but not in norite. 
Boron is characteristic of the late stages of magmatic crystallization (Rankama 
and Sahama, 1950). Sahama (1945) noted that in the basement complex of 
southern Lapland the boron content decreases from the ultrabasics to the 
gabbros and drops to a very small amount in granite. During serpentinization 
a large amount of boron is introduced, Rankama and Sahama (1950) contend 
that the boron content increases with the increase of serpentine in the rocks. 
This line of reasoning could hold at Memesagamesing. While the olivine 
norite has been subjected to serpentinization, this is not the case with the 
norite. 

Manganese shows the highest concentration in the olivine-bearing norite 
and falls off in the norite. This is explained by the higher mafic content in 
the olivine-norite. 

As table 4 shows, traces of Cr, Co, Cu, Pb, Ni, Ti, and Va were found 


in both rock specimens. 


TABLE 4 
Spectrographic Analyses of Olivine Norite and Norite 
Rock Olivine norite Norite 


Bo 
Cr 
Co 
Cu 
Pb 
Mn 
Ni 
Ti 
Va 


Key to amounts: 


ND 


0.1 to 1.0% 
T trace less than 0.10% 


none detected. 


D. A. Moddle, Ontario Dept. of Mines, analyst 


SUMMARY OF EVENTS 


The first major development was the emplacement of the intrusive into 
the surrounding metamorphic rocks, Consolidation of the intrusive was fol- 
lowed by the formation of joints, and granite pegmatite dikes ascended many 
of the fractures. Recrystallization of the adjoining norite accompanied the 
emplacement of the dikes resulting in secondary amphibolite in the contact 
aureole of the pegmatites. The major faults of the intrusive area formed later 
than the complex. The last major event was the emplacement of the diabase 
dikes along both Memesagamesing and Rainy Creek faults. 
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ESSAY REVIEW 


Modern Experiments in Telepathy; by S, G. Soa and FREDERICK BATE- 
MAN. P. xv, 425; 14 figs., 3 pls. New Haven, 1954 (Yale University Press, 
$5.00). —This book deals mainly with experiments in “extra-sensory percep- 
tion” (ESP). While it provides a general survey of work in this field, attention 
is given primarily to the work of the authors between 1936 and 1950. This 
is a subject on which many people seem to have strong feelings, and not a 
few highly competent scientists have failed to maintain their usual standard 
of objectivity and scientific accuracy when passing judgment on ESP experi- 
ments. The statement by G. E. Hutchinson, Sterling Professor of Zoology at 
Yale University, in his introduction to the book, that “the whole literature 
of parapsychology is disfigured by books and articles which are supposed to 
be critical evaluations, but which on examination turn out to be violent at- 
tacks by people who either have not read the works they are attacking or 
have wilfully misunderstood them” unfortunately is not an exaggeration. The 
reviewer wishes to emphasize that he has no quarrel with those who prefer 
to maintain an attitude of skepticism with regard to experiments of this type 
and the conclusions drawn from them, so long as they are objective and fair 
in their criticisms. A number of such critics have exerted a highly beneficial 
influence in guiding the direction of research in this field. 

The book will probably be more acceptable to scientists generally than 
previous reports of a similar nature, because of the extensive precautions 
taken by the authors in their experimental work and the thoroughness with 
which these are described in their report. While it can be read without diffi- 
culty by any educated person, the great mass of detail which has been in- 
cluded will make it dull reading except for those who have a definite interest 
in the subject. The authors take a dim view of experiments with large groups 
of university students, which have been common in the United States. They 
consider that “the mental processes of the average British student being of a 
logical and fact-assimilating nature differ radically from those of the intuitive 
sensitive’ and that “many psychological laboratories are . . . too often .. . 
noisy places with students scurrying along the corridors to their class-rooms 
at the clanging of a bell.” “To function well,” they say, “the sensitive needs 
freedom from distraction, the presence of friendly people who are prepared 
to adapt themselves to his mental idiosyncracies, and, above all, the absence 
of formality and fuss. Neglect of these conditions, which experience has shown 
to be essential, will lead inevitably to frustration, to the accumulation of chance 
scores, and in the end, to the psychologist’s abandoning the study of a delicate 
faculty, the laws of whose emergence are not yet properly understood.” They 
believe rather in beating the bushes to find a few highly gifted individuals. 
A cogent argument in their favor is provided by their discovery of the two 
most outstanding ESP subjects on record, Basil Shackleton and Mrs. Gloria 
Stewart. Before locating these two high-scoring subjects, Dr. Soal had been 
an outspoken critic of the earlier work of J. B. Rhine at Duke University, 
and had been unsuccessful over a period of five years in obtaining above- 
chance scores with British subjects. In the end he might have missed finding 
Mr. Shackleton and Mrs. Stewart had it not been for the dogged insistence of 
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a professional colleague, the late W. Whately Carington, that he examine 
his records for evidence of “displacement,” a tendency, observed by Carington 
in his work on paranormal cognition of drawings, for ESP subjects to re- 
ceive impressions of the target preceding or following the one intended. To 
his great surprise Soal found in the work of the two subjects mentioned, 
neither of whom had then produced outstanding scores on the actual target, 
striking evidence of high displacement scoring. Following this discovery, 
further experiments were made over a period of nine years with these two 
subjects, which were designed to take into account displacement scores as 
well as those on the actual target. In these further experiments, Shackleton’s 
high scores were predominantly on the target next following the one aimed 
at, while Mrs. Stewart scored highest on the actual target. In a total of 
37,100 trials in which she was offered a simple choice of five alternatives, 
the latter obtained a score of 9410 direct hits as compared with a chance ex- 
pectation of 7420. The actual score exceeds that expected by 25.8 standard 
deviations. 

In these experiments decks of cards were not used. In a typical case, the 
sender or “agent” sat at a table on which were placed five index cards repre- 
senting the five alternatives, These were briefly looked at by the agent and 
then placed face down. An experimenter, who was separated from the agent 
by a screen and could not see the index cards, presented through an aperture 
in the screen a previously prepared sequence of random digits made up of 
the numbers 1 to 5. These indicated to the agent which of the five index cards 
he was to touch in succession. The experimenter who presented the sequence 
of random digits did not know the order of the index cards and the agent did 
not speak while the experiment was in progress. The subject was seated in 
an adjoining room with the door usually (but not always) left an inch or 
two ajar to facilitate hearing the signals of the experimenter. Other experi- 
ments with the subject at a great distance from the cards also yielded highly 
significant results. One or more additional persons were always present, each 
of whom usually played some role in the elaborate precautions that were taken 
to avoid the possibility of collusion or sensory cues. Shackleton was a most 
unusual subject in not being disturbed by the presence of visiting strangers 
or even suspicious critics, and his spectacular performances are attested to 
by many persons prominent in British academic circles who were present on 
occasion as observers. None of them has expressed any dissatisfaction with 
the manner in which the experiments were conducted. 

The authors discuss at length the various hypotheses that might reason- 
ably be suggested by critics to explain their results. They even take up in 
some detail the recent criticisms of Mr. Spencer Brown, who believes that 
cards, dice, and tables of random numbers do not really behave in the way 
assumed by probability and statistical theory. In the reviewer's opinion this 
book presents the strongest case that has yet been offered in print for the 
reality of extra-sensory perception. T. N, E. GREVILLE 
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The Outer Layers of a Star; by R.v.v.R. Woo.Ley and D. W. N. Stipes. 
P. xi, 306; 47 figs., 69 tables. Oxford and New York, 1953 (Oxford University 
Press, $8.00).—This is an excellent account of the theory of stellar atmos- 
pheres, flavored by the essence of Eddington’s and Milne’s teaching. The latter 
once likened theoretical astrophysics to geometry, describing it as an exact 
science that constructs and analyzes theoretical models of cosmic bodies and 
situations, which enable the practicing astronomer to match the vast corpus of 
observational data. The accent of the book under review is on theoretical 
astrophysics in this sense; with the further restriction that all transient phe- 
nomena, like solar prominences or stellar pulsations, are excluded from con- 
sideration. Within these limits the authors have achieved an admirably 
balanced view of the current theories. The first five chapters deal with the 
formal theory of radiative transfer and of continuous stellar spectra, and the 
next three with the formation of absorption lines. There follows a discussion 
of the structure of the solar photosphere and the hydrogen convection zone; 
sunspots and magnetic fields are passed over. In the next two chapters, on the 
chromosphere and corona, the radio emission from the quiet Sun is fully 
treated. The final chapter, entitled “Stars other than the Sun” is rather sketchy 
and, in some respects, less satisfactory. 

The authors have omitted any reference to molecular spectra in stars, 
from which much can be learned about excitation temperatures and the non- 
metallic elements. It is hard to understand, moreover, why there is no dis- 
cussion, or a brief table, of the relative abundances of the elements, a subject 
now in the focus of general interest, Although the last chapter does much to 
elucidate the concepts of monochromatic stellar magnitudes and spectrophoto- 
metric gradients, it fails to give a comprehensive picture of the atmospheric 
structure of stars other than the Sun. In particular, after the theory of con- 
vective equilibrium had been developed at length in chapter X, no application 
to stellar atmospheres is made of it. These comments concern rather minor 
matters. But there is a single point of major theoretical significance, at which 
the authors invite criticism. They have attempted to validate by kinetic con- 
siderations the so-called hypothesis of local thermodynamical equilibrium, 
while most writers on this subject now admit that the hypothesis is nothing 
but a heuristic device. It can be proved, in fact, that this hypothesis contra- 
venes the Second law of thermodynamics. The reviewer has adopted this book 
as an introductory text for graduate students. RUPERT WILDT 


Introduction to Physical Geology; by C. R. LONGWELL and R. F. FLINT. 
P. x, 432; 328 figs., 1 pl. New York, 1955 (John Wiley and Sons, Inc., $4.95). 
—For the many users of the textbooks on physical geology by Longwell, 
Knopf, and Flint there may be the tendency to consider this newly published 
book as a revised version of those former texts. But this is not so! This is a 
brand-new book, along with many others that are appearing in the current 
flood of elementary geology texts. From the physical relief map of the United 
States on the opening cover to that of the World on the closing cover the 
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various aspects of physical geology have received a fresh, thorough, and 
effective treatment. 

Those teachers who must-cope with the problem of selecting a text which 
will truly serve as an introduction to geologic science without scaring away 
all but the budding genius with a mass of quantitative data, but which at 
the same time acquaints the student with the fact that geology is becoming 
a more quantitative science, will like this book. It is easy to read but does 
not sacrifice accuracy; it is concise but also thorough. It is a good text for 
those who adhere to the philosophy that an introductory course in geology 
can and should be rich in cultural values as well as supply the fundamental 
geologic knowledge necessary for advanced courses. 

Worthy of special note in this new book is an excellent introductory 
chapter on “The Science of the Earth,” a fine new chapter on submarine 
geology, and an interesting and pertinent chapter at the end dealing with 
geology in industry. Throughout the book the individual chapters are well 
outlined with subheadings clearly indicated in bold type. Many users of the 
text will be pleased to note that the authors have limited the references at the 
end of each chapter to the two or three best sources rather than attempting 
an “exhaustive” bibliography. 

Treatment of the illustrations leaves something to be desired. Most of 
the line drawings are clean cut and appropriately placed in the text but many 
of the photographs are not as clear as would be desired. Labeling directly 
on the photographs is a nice feature, however, and all the illustrations are 
certainly adequate. 

When the authors contemplated the new text, the publishers approached 
more than a hundred college geology departments to gain their ideas con- 
cerning it. Many of these ideas have obviously been incorporated in the book. 
Although it would be impossible to please all with any single text, /ntroduc- 
tion to Physical Geology by Longwell and Flint appears to this reviewer to be 
the best of the introductory texts today. RICHARD M. FOOSE 


Ergebnisse und Probleme moderner geographischer Forschung: Hans 
Mortensen zum 60sten Geburtstag; Akademie fiir Raumforschung und Landes- 
planung (Hannover) Abhandlungen, Band 28. P. 332; 36 figs., 36 pls. Bremen- 
Horn, 1954 (Walter Dorn, DM 15.—).—This Festschrift includes 20 papers 
on a wide variety of geographical subjects—7 under the heading physical 
geography, 9 under human geography, and 4 under regional geography— 
plus friendly appraisals of Hans Mortensen’s life and work and a bibliography 
including not only his own papers but the doctorate dissertations of his stu- 
dents, If there is any leitmotiv besides the wide variety of interests displayed 
both by the contributors and by Mortensen himself, it is the historical view- 
point, the emphasis on the development of the human-geographical setting as 
well as its description, JOHN RODGERS 
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Geology of Petroleum; by A. 1. Levorsen. P. x, 703, San Francisco, 1954 
(W. H. Freeman and Company, $8.00).—A recent and excellent addition to 
the growing list of books for the student of petroleum geology is Levorsen’s 
Geology of Petroleum, Primarily written for the advanced student in geology, 
it is wide enough in scope and thorough enough in content to be of value to 
a wide group, including petroleum geologists, petroleum engineers, and geo- 
physicists. This text emphasizes principles rather than data or techniques of 
gathering data. 

The book is divided into five parts: 

(1) Introduction (16 pages). The opening chapter, which outlines the 
general nature of petroleum, of the reservoir and resources, and of the work 
to produce petroleum, is followed by a chapter on manner of occurrence, 
including geographic distribution, and distribution according to the age of 
the reservoir rock. In this part, as throughout the book, two categories of 
references are included with each chapter, one for general reading and the 
other for more specific topics. The lists in the latter category are especially 
valuable as a guide to the literature, for they cover both classic and recent 
papers from the whole field of geology. 

(2) The Reservoir (276 pages). The first of five chapters on the reservoir 
concerns reservoir rocks, which Levorsen classifies into three groups: (1) 
fragmental (clastic), (2) chemical and biochemical (precipitated), (3) mis- 
cellaneous. This, like his other classifications, is short and admittedly some- 
what oversimplified, but is useful and adequate. The second chapter is devoted 
to porosity and permeability, The reservoir trap is covered in three chapters, 
one each for traps formed dominantly by structure, by stratigraphy, and by 
combinations in which both play essential roles. The common feature of all 
traps, a concave roof rock as viewed from below, is repeatedly emphasized 
in connection with the variety of features that can fulfill that condition. 
Several types of traps are discussed, with abundant examples taken from many 
areas and many ages of reservoir rock. Though American examples pre- 
dominate, the increasing importance of foreign oil is reflected by the illustra- 
tions from other countries. 

(3) The Petroleum Pool (186 pages). A long chapter is devoted to the 
distribution and nature of oil-field waters, oil, and natural gas in the pool. 
This is followed by a chapter on the conditions of pressure and temperature 
in the pool and their effect on the reservoir, and one on the mechanics of 
movement of fluids under reservoir conditions, This portion of the book will 
have greatest interest for the petroleum engineer. 

(4) The Geologic History of Petroleum (94 pages). Here one chapter 
is devoted to origin of petroleum and one to migration and accumulation. 
A thorough and impartial account of the theories of origin and arguments 
supporting them is presented, and a summary of present ideas on the subject. 
The various theories of migration into the reservoir rock and accumulation 
within the rock are discussed as a separate though closely related aspect of 
the same subject. 

(5) Applications (67 pages). The last section of the book concerns ap- 
plications of geology to the search for petroleum. One chapter is devoted to 
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utilization of subsurface data, primarily for the construction of various types 
of maps. Another deals with the petroleum province, its characteristics, and 
the most fruitful areas of search in it. A final chapter stresses the importance 
of the geologist, at all levels in the petroleum industry, in properly analyzing 
the petroleum prospect. 

There is a short appendix with a glossary of petroleum exploration, ab- 
breviations, some tables, and other data, 

Many good features characterize the book, Definitions are clear, illustra- 
tions are almost uniformly excellent, and cross-references to them are most 
useful; helpful conclusions are drawn at the end of each chapter. The book 
is both well written and well made and will find favor with teachers and 
students alike for its directness and thoroughness. JOHN R, GEALY 


Le loess & banes durcis de Saint-Vallier (Dréme) et sa faune de Mam- 
mifeéres villafranchiens; by JEAN Viret. P. 200; 33 pls. Lyon, 1954 (Nouvelles 
Archives du Muséum d'Histoire Naturelle de Lyon, Fascicule 1V).—A large 
collection of vertebrate fossils from indurated loess resting on granite of the 
massif centrale of France in the Rhone valley is described and compared with 
other Villafranchian faunas of Europe and China. Although the loess must 
have originated from deflation about the foot of alpine glaciers, the vertebrate 
fauna has a “warm” aspect, and a variety of arboreal pollen in the loess con- 
firms the presence of forest in the lowlands during the first glacial episode. 
A threefold subdivision of European Villafranchian vertebrate faunas is pro- 
posed, Perrier being older, and Tegelen later than the “normal” group. The 
Valdarno superior includes both normal and late faunas. 

JOSEPH T, GREGORY 


Evolution of the Vertebrates. A history of the backboned animals through 
time; by Epwin H. Co.sert. P. xiii, 479; 122 figs, New York, 1954 (John 
Wiley and Sons, $7.50).—Those who have found Colbert’s excellent small 
book on dinosaurs useful will welcome the appearance of this elementary 
text which covers all backboned animals. Treatment of various groups is 
generally well balanced and in proportion to their importance as fossils, This 
has led to inclusion of some unfamiliar groups which may seem unimportant 
to beginning students, whereas a somewhat fuller treatment of fossil men 
would be desired by many. On the whole Dr. Colbert has succeeded in min- 
imizing unfamiliar names, which are necessarily numerous in any discussion 
of extinct organisms. Some chapters, particularly those on higher fishes, men- 
tion genera which are neither described nor illustrated, but most of the book 
is built around well-known examples with which the elementary student should 
become familiar. Some unessential technical terms are used, and others creep 
into the text without definition. 

Special care has been taken in preparation of an excellent series of new 
illustrations for the book. Even so some important points are not illustrated 
(for example, the homologies of crossopterygian fin and tetrapod limb), and 
some drawings of details, for example figure 35, Seymouria, may fail to give 
the beginner an adequate notion of the general nature of the animal in ques- 
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tion. The attempt (fig. 37) to illustrate reptilian temporal structures by draw- 
ings of actual skulls is by no means so successful as schematic diagrams, but 
should be valuable in conjunction with the latter. 

Arrangement of the material is historical and phylogenetic. Discussions 
of fossil localities, stratigraphy, and the ecology and distribution of ancient 
faunas are interwoven with the systematic treatment of the animals in a notable 
and unifying fashion. A synoptic classification of vertebrates is appended, 
which follows those of A. S. Romer and G. G, Simpson, but contains a desir- 
able innovation in the arrangement of mammal-like reptiles in only two sub- 
orders, the herbivorous Anomodontia and carnivorous Theriodontia. An an- 
notated bibliography of 70 selected references and two thorough indices 
complete this highly useful volume. 

Errors unfortunately creep into the most carefully edited works: Most 
striking in this volume are the misspelling of Jamoytius, the first fossil men- 
tioned, and allusion to Ellesmere Island as in East Greenland. Such minor 
failings can be overlooked in a volume which provides a comprehensive sur- 
vey of vertebrate history without entering into a mass of technical detail. It 
is well designed for a text in an introductory semester course at the under- 
graduate level. Advanced students and teachers of geologic history may turn 
to it as a clearly written and up to date account of the vertebrates by an 
authority in the field. It is regrettable that the relatively small demand for 
books on this subject has led the publisher to price it so dearly. 

JOSEPH T, GREGORY 


The Piltdown Forgery; by J. S. Weiner. P. xii, 214; 9 plates. London 
and New York, 1955 (Oxford University Press, $3.50).—This book gives a 
fascinating account of the detection of the fraudulent fossil followed by a de- 
tailed analysis of pertinent parts of the careers of the principals and their 
associates, A great array of physical and chemical tests show not only that the 
ape jaw and teeth were not associated with the skullcap, but that all the Pilt- 
down material, both fossils and artifacts, had been stained and introduced 
into the deposit. All this is told with the suspense techniques of a mystery 
thriller by one of the anthropologists who exposed the fraud. A variety of 
incriminating but inconclusive evidence points to Dawson’s complicity in the 
hoax, but its motivation remains obscure. JOSEPH T, GREGORY 


List of North American Recent Mammals; by Gerrit S, Mitte, JR., and 
REMINGTON KELLocée. P. xii, 954. Washington, D. C., 1955 (Superintendent 
of Documents, $3.50).—The third edition of this well-known reference lists 
3622 forms, almost 10 times the 363 known from the same region in 1884. 
The authors state “It is to be understood that, especially in unrevised genera, 
the indication that a form is in the collection [of the U. S. National Museum] 
implies nothing more than the presence of a specimen of the animal on which 
a name was based.” Nevertheless the systematic list contains critical syn- 
onymies with many annotations, statement of the type locality, and in revised 
genera, geographic ranges. A geographically arranged list by type localities 
and extensive index conclude the volume. JOSEPH T. GREGORY 
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Dynamics of Growth Processes; E. J. BoELL, editor, P. vii, 304; 57 figs., 
14 pls. Princeton, 1954 (Princeton University Press, $7.50).—This book is 
a collection of the 13 papers presented at the 11th (1952) Symposium of the 
Society for the Study of Development and Growth. Previous symposia were 
published as supplements to the journal Growth, and the present volume con- 
stitutes an innovation in the publication procedure of the Society. However, 
the editor emphasizes the continuity of this book with the earlier series. 

The usual practice of the Growth Society is to invite substantial papers 
from speakers who are leading authorities in their fields. In this respect, the 
symposium of which this book is a record is no exception. The 13 papers 
cover an extremely wide range of subject matter, with growth dynamics as 
a common theme, Little explicit transition or interconnection exists between 
papers, although they are arranged as a progression from the molecular level 
to the level of populations of organisms. The lead article on virus reproduc- 
tion (L. M. Kozloff) is followed in sequence by papers on: amino acid syn- 
thesis in bacteria (A. Novick and L. Szilard); cytochemical aspects of 
protein synthesis (A. W. Pollister) ; nucleocytoplasmic interactions (G. Fank- 
hauser) ; cell differentiation in relation to growth in animals (K. R. Porter), 
and in plants (D. S. VanFleet); physical factors in plant growth (F. W. 
Went); chemical growth regulation in plants (F. Skoog), and in animals 
(R. Gaunt); skeletal growth in children (W. W. Greulich) ; growth curves 
and allometry (D. A. Sholl) ; heredity and growth (G. E, Dickerson) ; and 
mathematical aspects of population growth (F. E. Smith). 

Each paper is essentially a review, providing a broad and generally 
detailed frame of reference for the author’s own research. An extensive bib- 
liography follows each article. The collection thus becomes extremely useful, 
for within each paper many different lines of research bearing on a given 
topic are brought together in interpretive fashion, and the book as a whole 
succinctly highlights most of the more important aspects of work in the field 
of growth. It is regrettable, however, that so much time was allowed to elapse 
between the actual research and the publication of the volume. In a field 
moving as rapidly as that of growth, an interval of two or three years tends 
to relegate many findings to the historical category, and certainly dissipates 
much of the freshness and news interest of most others. To some extent this 
is the case here: relatively little will be new at this stage to those who are 
professionally most concerned with the contents of this book, Even so, the 
volume integrates a wealth of important, fairly recent information, and for 
this reason alone it should be on the book shelf of every student of growth. 

PAUL B, WEISZ 
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